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PART  I 


ABSTRACT 

An  experimental  investigation  of  the  reaction  of  H^S  with 
SO2  in  the  presence  of  a  commercial  bauxite  catalyst  (Porocel)  was  con¬ 
ducted  in  a  stainless  steel  recycle  reactor  operated  at  steady-state 
flow  and  thermal  conditions.  Reactor  feed  and  product  compositions, 
measured  by  a  process  gas  chromatograph,  and  the  total  volumetric  feed 
rate  enabled  the  calculation  of  a  reactor  material  balance  from  which 
the  isothermal  reaction  rate  could  be  determined. 

A  series  of  80  experiments,  performed  at  four  different 
temperatures  between  208  and  287°C  and  at  varying  partial  pressures 
of  H2S,  SO2  and  H2O,  was  conducted  to  provide  data  in  the  region  of 
industrial  interest.  Mechanistic  rate  equations  fitted  the  data  v/e  11, 
although  no  attempt  was  made  to  discriminate  between  rival  models. 

Several  characteristics  of  the  reaction  were  revealed.  The 
activation  energy  for  the  forward  reaction  was  7589  +  451  calories  and 
the  order  was  0.828  +  0.0952  and  0.457  +0.111  with  respect  to  and 
SO2,  respecti vely .  The  error  terms  represent  the  95%  confidence  limits 
of  the  estimates.  The  reaction  takes  place  predominantly  on  the  outer 
surface  of  the  catalyst.  Film  diffusion  did  not  limit  the  reaction 
rate  in  the  experimental  equipment  and  theoretical  calculations  suggested 
that  the  same  is  true  for  most  commercial  sulfur  plant  reactors.  Water 
vapor  displayed  a  barely  perceivable  autocatalytic  effect  on  the  re- 
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action  at  very  low  partial  pressures  and  a  marked  retardation  effect  at 
high  partial  pressures.  This  effect,  the  magnitude  of  the  activation 
energy,  and  the  goodness  of  fit  of  a  Freundl i ch-based  rate  expression 
supports  the  view  of  others  that  the  reacting  species  were  hydrogen 
bonded  to  surface  hydroxyl  groups. 

Commercial  sulfur  recovery  processes  were  reviewed  and  the 
thermodynamics  of  several  sulfur  plant  reactions  were  analyzed  using 
the  free  energy  minimization  technique.  A  different  sulfur  recovery 
strategy  which  incorporates  the  features  of  the  Modified  Claus  and 
Townsend  processes  has  been  recommended  for  improved  sulfur  recovery. 

PART  II 

Following  Part  I  of  this  thesis,  the  research  equipment  used 
to  study  the  kinetics  of  the  reaction  of  H^S  with  SO^  was  interfaced 
to  an  IBM  Data  Acquisition  and  Control  System.  Part  II  of  this  thesis 
describes  the  interface  between  the  laboratory  reactor  and  the  computer, 
and  the  programs  and  operating  procedures  which  were  developed  for  on¬ 
line  data  acquisition  and  reduction. 

As  a  rule,  the  research  equipment  was  not  operated  in  the  on¬ 
line  mode  for  the  kinetic  study  primarily  because  reliable  gas  chromato¬ 
graph  monitoring  software  for  the  computer  had  not  been  fully  developed 
by  the  time  the  kinetic  study  was  completed.  However,  a  fully  documented 
example  of  an  online  kinetic  run  is  presented  which  made  use  of  a  temporary 
G.C.  monitoring  scheme  devised  for  this  purpose,  but  which  was  intolerably 
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inaccurate  for  the  procurement  of  precise  kinetic  data. 

At  the  termination  of  this  research  program,  the  development 
of  an  improved  gas  chromatograph  monitoring  software  system  by  the 
personnel  of  the  Data  Acquisition,  Control  and  Simulation  Centre  was 
underway . 


v 


ACKNOWLEDGEMENTS 


The  author  wishes  to  thank  Dr.  I.G.  Dalla  Lana  for  his 
supervision  and  valuable  guidance  throughout  this  program.  The 
co-operation  of  the  Instrument  Shop  under  the  supervision  of  Mr.  D. 
Sutherland,  of  the  Chemical  Engineering  Workshop  under  the  supervision 
of  Mr.  G.  Walsh,  and  particularly  the  perseverence  of  Mr.  K.  Faulder 
in  constructing  the  recycle  pump  were  sincerely  appreciated.  Others, 
with  whom  the  author  enjoyed  many  years  of  pleasant  association,  have 
contributed  directly  and  their  efforts  relevant  to  this  project  are 
warmly  acknowledged.  Miss  Helen  Wozniuk,  who  typed  the  manuscript, 
is  gratefully  acknowledged. 

Acknowledgements  go  to  the  University  of  Alberta  for  a 
Dissertation  Fellowship,  and  to  the  National  Research  Council  and  the 
Canadian  Natural  Gas  Processors  Association  for  their  contribution  to 
the  financial  support  of  this  project. 

With  gratitude,  I  acknowledge  the  unfailing  patience  and 
encouragement  given  to  me  by  my  wife,  Yvonne. 


. 


TABLE  OF  CONTENTS 


Page 

CHAPTER  I  INTRODUCTION 

1.1  Background  1 

1.2  Previous  Work  on  the  Catalytic  Reaction  of 

H^S  with  SO^  3 

1.3  Approach  and  Extent  of  Present  Work  3 

CHAPTER  II  LITERATURE  REVIEW  AND  THEORY 

2.1  Industrial  Sulfur  Plant  Technology  7 

2.1.1  Sulfur  Recovery  Processes  7 

2.1.2  Claus  Type  Sulfur  Plant  Design  and 

Operation  13 

2.2  Fundamental  Research  Performed  on  Sulfur 

Plant  Reactions  15 

2.2.1  Carbon  Disulfide  and  Carbonyl  Sulfide 

Reactions  15 

2.2.2  The  Claus  Reaction  19 

2.2.3  Dissociation  Reactions  of  Sulfur  26 

2.2.4  Bauxite  and  Alumina  Catalyst  28 

2.2.5  Gas-Solid  Studies  Performed  on 

Alumina  and  Bauxite  31 

2.3  Adsorption,  Surface  Reaction  and  Related  Laws  34 

2.4  Mass  Transfer  in  Heterogeneous  Catalysis  36 

2.4.1  Film  Diffusion  38 

2.4.2  Pore  Diffusion  39 

2.5  Recycle  Reactors  43 

CHAPTER  III  DETERMINATION  OF  EQUILIBRIUM  COMPOSITIONS 

3.1  Background  49 

Review  of  Free  Energy  Minimization  Method 


•  • 
vi  i 


3.2 


50 


* 


. 


fe  t 

■ 


TABLE  OF  CONTENTS  (continued) 


Pa^e 


CHAPTER 


CHAPTER 


CHAPTER 


III  continued 

3.3  Applications  of  the  Free  Energy  Minimi¬ 
zation  Method  54 

3.3.1  Comparison  with  Gamson  and  Elkins' 

Data  54 

3.3.2  Analysis  of  Miscellaneous  Sulfur 

Plant  Reactions  56 

IV  DESCRIPTION  OF  EXPERIMENTAL  EQUIPMENT 


4.1 

Feed  Metering  and  Preparation  System 

60 

4.2 

Feed  and  Product  Analysis 

64 

4.3 

Fluidized  Sand  in  Air  Bath 

71 

4.4 

Recycle  Loop  and  Reactor 

73 

4.5 

Recirculation  Pump 

77 

4.6 

Sulfur  and  Water  Condensers 

83 

4.7 

Process  Measurements 

87 

4.8 

Operation  of  Equipment  and  Experimental 

90 

Procedures 

4.8.1  Catalyst  Treatment 

90 

4.8.2  Fluidized  Bath  Startup 

91 

4.8.3  Execution  of  Kinetic  Measurements 

91 

4.8.4  Termination  of  Kinetic  Measurements 

4.8.5  Periodic  Equipment  Maintenance  and 

93 

Accuracy  Tests 

93 

4.8.6  Catalyst  Activity  Test 

94 

4.9 

Materials 

94 

REDUCTION  OF  DATA 

5.1 

Introduction 

96 

5.2 

Ideal  Gas  Law  Assumption 

96 

•  •  • 
vni 


■ 


TABLE  OF  CONTENTS  (continued) 

Page 

CHAPTER  V  continued 

5.3  Reactor  Material  Balance  101 

5.4  Partial  Pressure  of  Reaction  Species  104 

CHAPTER  VI  PRESENTATION  AND  DISCUSSION  OF  EXPERIMENTAL 
RESULTS 

6.1  Experimental  Program  106 

6.2  Test  for  Homogeneous  Reaction  109 

6.3  Bulk  Mass  Transfer  Test  109 

6.4  Catalyst  Activity  Test  Results  111 

6.5  Initial  Rate  Data  114 

6.6  Experimental  Test  for  Porous  Diffusion  117 

6.7  Examination  of  the  Effects  of  Specie  Partial 
Pressures  and  Temperature  on  the  Kinetics  of 

the  Claus  Reaction  123 

6.8  Correlation  of  Experimental  Data  to  Rate 

Equations  130 

6.8.1  Empirical  Rate  Expressions  132 

6.8.2  Langmuir  Hinshelwood  Rate  Models  139 

6.8.3  Reaction  Mechanism  with  Mutually  Rate 

Controlling  Catalytic  Process  Steps  144 

6.9  Comparison  of  this  Work  with  the  Results  of 

Other  Investigators  147 

CHAPTER  VII  CONCLUSIONS  AND  RECOMMENDATIONS 

7.1  Performance  of  Equipment  151 

7.2  Evaluation  of  Measured  Rate  Data  152 

7.3  Reaction  Mechanism  154 

7.4  Evaluation  of  the  Catalyst  156 


IX 


...  c 


,  ;  t"  • 


, 


* 

rne-j  otS  fad  i3ffl'r*t3qx3 


TABLE  OF  CONTENTS  (continued) 


Page 


CHAPTER  VII  continued 


7.5  Suggested  Processing  Scheme  for  Higher 

Sulfur  Recovery 

157 

NOMENCLATURE 

161 

BIBLIOGRAPHY 

165 

APPENDIX 

A 

CALIBRATION  OF  EXPERIMENTAL  EQUIPMENT 

A1 

APPENDIX 

B 

DOCUMENTATION  OF  FREE  ENERGY  MINIMIZATION 

METHOD  PROGRAM 

B1 

APPENDIX 

C 

REDUCTION  OF  DATA  AND  ERROR  ANALYSIS 

Cl 

APPENDIX 

D 

ESTIMATION  OF  FILM  AND  PORE  DIFFUSION  RATES 

D1 

APPENDIX 

E 

DATA  CORRELATION  AND  PARAMETER  CONFIDENCE  LIMITS 

El 

APPENDIX 

F 

DEVELOPMENT  OF  A  RATE  EQUATION  WITH  MUTUALLY 

RATE  CONTROLLING  CATALYTIC  PROCESS  STEPS 

FI 

/ 


X 


LIST  OF  TABLES 


Table  Page 

1.1  Comparison  of  Experimental  Program  with  a  Sulfur 

Plant  5 

2.1  Sulfur  Plant  Selection  Criteria  11 

2.2  Space  Velocity-Conversion  Data  of  Gamson  and  Elkins  20 

2.3  A  Selection  of  Adsorption  Isotherms  37 

3.1  Thermodynamic  Analysis  of  Sulfur  Plant  Reactions  58 

4.1  Performance  Data  for  Recycle  Pump  86 

5.1  Critical  Constants  and  Reduced  Properties  of  N2,  H2S, 

S0£  and  H20  99 

5.2  Fugacity  Coefficients  at  533°K  and  293°K  and  1  Atmosphere  99 

5.3  Molecular  Volumes  10° 

6.1  Experimental  Program  108 

6.2  Chromatograms  for  Film  Diffusion  Test  HI 

6.3  Initial  Rate  Data  Determined  from  Fitting  a  Hyperbolic 

Tangent  Function  120 

6.4  Porous  Diffusion  Test  Results  121 

6.5  Data  Banks  for  Correlation  132 

6.6  Rate  Expression  Parameter  Estimates  134 

6.7  Langmuir  Hinshelwood  Kinetic  Mo  els  140 

6.8  Comparison  of  This  Work  with  Other  Results  148 


xi 


anr>lf3  bn6  noamea  sjbQ  nof2^9vno0-^^o  9V  ^  ^2 

. 


J 


. 


LIST  OF  TABLES  (continued) 


Table 

A.l  Summary  of  Correlation  Coefficients  for  Instrument 
Cal  ibration 

A. 2  Range  and  Resolution  of  Calibration  Thermometers  for 
Thermocouples 

A. 3  Thermocouple  Calibration  Data 

A. 4  Stem-Corrected  Thermocouple  Calibration  Data 

A. 5  Least  Squares  Fit  of  Standard  Iron  -  Constantan 
Thermocouple  Data 

A. 6  Comparison  of  Thermocouple  Calibration  Data  with 
Standard  Data 

A. 7  Calibration  Coefficients  for  Thermocouples 

A. 8  Feed  Pressure  Transmitter  Calibration  Data 

A. 9  Least  Squares  Fit  of  Feed  Absolute  Pressure  Trans¬ 
ducer  Data 

A. 10  Reaction  Pressure  Transmitter  Calibration  Data 

A. 11  Least  Squares  Fit  of  Reactor  Absolute  Pressure 

Transducer 

A. 12  Calibration  Data  for  Dry  Test  Meter 

A. 13  Experimental  Results  for  D/P  Cell  Calibration 

A. 14  Calculated  Results  for  D/P  Cell  Calibration 
A. 15  Least  Squares  Fit  of  Feed  D/P  Cell  Data 
A. 16  Physical  Properties  of  Pure  Nitrogen  and  a  Reactor  Feed 
Mixture  (1  atm,  60° F) 


LIST  OF  TABLES  (continued) 


Table 

A. 17  Variation  of  Orifice  Coefficient  with  NR 

e 

A. 18  Volume  of  Geometric  Irregularities  in  Gas  Chromatograph 
Calibration  Equipment 

A. 19  Gas  Chromatograph  Calibration  Results 

A.  20  Least  Squares  Fit  of  Gas  Chromatograph  Calibration  Data 

B. l  Equilibrium  Data  for  the  Claus  Reaction 

B.2  Equilibrium  Data  for  Sulfur  Specie  Split 

B.3  Equilibrium  Data  for  the  COS/SO^  Reaction 

B.4  Equilibrium  Data  for  the  CS^/SO^  Reaction 

B.5  Equilibrium  Data  for  the  COS/H^O  Reaction 

B.6  Equilibrium  Data  for  the  CS^/H^O  Reaction 

B.7  Equilibrium  Data  for  the  HgS/COg  Reaction 

B.8  Equilibrium  Data  for  the  CH^/Sx  Reaction 

B.9  Equilibrium  Data  for  the  COS/H^S  Reaction 

B.10  Equilibrium  Data  for  the  COS/O^  Reaction 

B. ll  Equilibrium  Data  for  the  CO/S  Reaction 

C. l  Error  Analysis  of  H^S  Conversion 

C.2  Experimental  Finite  Rate  Data 

C.3  Experimental  Catalytic  Activity  Tests 

C. 4  Experimental  Initial  Rate  Data 

D. l  Physical  Properties  of  N^,  b^S  and  SO^  at  500°F,  1  atm 

D.2  Calculation  Results  for  Estimation  of  Mass  Transfer  Coefficients 

for  H^S  and  SO^ 


xi  i  i 


LIST  OF  FIGURES 

Figure  Page 

2.1  Dry  Bed  Catalytic  Conversion  Sulfur  Plants  10 

2.2  Computer  Model  of  a  Dehydroxyl  a ted  Alumina  Surface  30 

2.3  Sketch  of  a  Recycle  Reactor  45 

3.1  Chemical  Equilibrium  Between  Sulfur  Species  at  One 

Atmosphere  55 

3.2  Claus  Reaction  Equilibrium  Conversion  versus  Temperature  57 

4.1  Feed  Metering  and  Preparation  System  51 

4.2  Constant  Differential  Type  Flow  Controller  63 

4.3  Mixing  Venturi  63 

4.4  Stream  Selector  Valve  65 

4.5  Gas  Chromatograph  Oven  67 

4.6  Gas  Chromatograph  Control  Cam  System  67 

4.7  Sample  Chromatogram  69 

4.8  Repeatability  of  Chromatogram  Area  Measurement  70 

4.9  Schematic  Layout  of  Fluidized  Bath  72 

4.10  Photograph  of  Recycle  Reactor  74 

4.11  Reactor  Assembly  76 

4.12  Recirculation  Pump  Body  and  End  Plate  79 

4.13  Section  A-A  of  Pump  Assembly  80 

4.14  Water  Cooled  Shaft  Seal  82 

4.15  Peripheral  Accessories  for  Crane  Seal  84 


xi  v 


2^H6 iirHuS  10 r s  IS  ;io0  *  9  ~ 


' 


LIST  OF  FIGURES  (continued) 

Figure  Page 

4.16  Performance  Curves  for  Recirculation  Pump  85 

4.17  Sulfur  and  Water  Condenser  88 

6.1  Catalyst  Activity  Tests  113 

6.2  Conversion  versus  Space  Time  Plots  118 

6.3  Porous  Diffusion  Test  119 

6.4  Rate  of  H^S  Oxidation  as  a  Function  of  H^S  Partial 

Pressure  with  S02  Partial  Pressure  as  a  Parameter  125 

6.5  Rate  of  H2S  Oxidation  as  a  Function  of  H^S  Partial 

Pressure  with  Temperature  as  a  Parameter  126 

6.6  Effect  of  Water  Partial  Pressure  on  the  Reaction 

Rate  of  H2S  127 

6.7  Isorate  Lines  Plotted  on  Equilibrium  Diagram  of  Claus 

System  129 

7.1  Modified  Claus  Townsend  Process  158 

A.l  Thermocouple  Calibration  Equipment 

A. 2  Dry  Test  Meter  Calibration  Factor  Variation  with 
Apparent  Flow  Rate 

A. 3  Schematic  Diagram  of  Gas  Chromatograph  Calibration 
Equipment 

A. 4  Gas  Chromatograph  Calibration  for  H2S 

A. 5  Gas  Chromatograph  Calibration  for  S02 


xv 


PART  I 


KINETIC  MEASUREMENTS 


1 


CHAPTER  I 


INTRODUCTION 


1 . 1  Background 

For  more  than  a  century  it  has  been  known  that  H^S  reacts 
with  S02  according  to  the  equation 


(1.1) 


2H2S  +  S02 


This  work  describes  a  study  of  the  kinetics  of  this  reaction  over  a 
commercial  bauxite  catalyst  known  as  Porocel .  The  reaction  has  become 
of  great  importance  for  the  recovery  of  sulfur  from  refinery  and  sour 
gases  and  it  is  surprising  how  little  fundamental  work  has  been  published 
about  the  nature  of  the  reaction. 


A  major  source  of  sulfur  in  Canada  is  hydrogen  sulfide  which 


occurs  in  abundance  in  natural  gas  in  Alberta  and  in  acid-gas  streams 
found  in  many  petroleum  refineries.  Numerous  recovery  schemes  exist 
and  are  described  in  the  literature  review  but  the  modified  Claus  process, 
which  involves  reacting  H2S  with  S02  over  bauxite  catalyst,  is  most  com¬ 
monly  used.  The  overall  reaction  which  takes  place  in  the  recovery  of 
elemental  sulfur  from  H2S  is 


3H2S  +  |  02 


(1.2) 


' 


2 


Since  the  reaction  is  highly  exothermic  (AH  =  -  145  to  -  173  kcal),  the 
modified  Claus  process  is  designed  to  cope  with  it  in  two  stages  to  re¬ 
duce  reactor  costs  and  increase  conversion  [47],  These  stages  are 
(i)  free  flame  combustion: 


H25  +  |  02  =  H20  +  SO, 

AH  =  -  124.3  kcal,  T  =  250°C,  P  =  latm 


(1.3) 


and, 

(ii)  catalytic  oxidation: 

2H„S  +  SO,  =  2H,0  +  §■  S  .  (1.1) 

2  2  2  x  x 

AH  =  -  14.7  kcal,  T  =  250°C,  P  =  latm. 

Over  80%  of  the  total  heat  release  occurs  in  the  first  stage.  The 
second  stage  occurs  in  catalytic  converters  which  are  vital  to  obtain¬ 
ing  high  yields  of  sulfur. 

In  view  of  the  need  for  increased  natural  gas  sweetening 
facilities,  for  improved  air  pollution  control  in  refineries,  and  the 
growing  world  demand  for  sulfur,  an  investigation  of  the  oxidation  of 
H^S  with  SO^  over  commercial  bauxite  catalyst  was  initiated  at  the 
University  of  Alberta  in  1964  by  Cormode  [15]. 
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1.2  Previous  Work  on  the  Catalytic  Reaction  of  H^S  with  SO^ 

A  detailed  review  of  earlier  investigations  of  the  catalytic 
reaction,  hereafter  referred  to  as  the  Claus  reaction,  is  given  in 
Section  2.2.2  of  the  literature  survey.  Many  investigators  have  studied 
the  Claus  reaction  more  or  less  qualitatively,  but  their  results  were 
misleading  because  they  permitted  water  to  condense  in  the  reaction 
system.  The  reaction  of  H^S  and  SO^  in  the  presence  of  water  was  commonly 
used  as  a  lecture-room  demonstration  as  early  as  1812  [101]. 

The  Claus  reaction  kinetic  data  which  Cormode  [15]  measured 
in  a  recycle  flow  reactor  packed  with  Porocel  catalyst  have  been  com¬ 
pared  to  the  results  of  the  work  reported  herein  in  Chapter  VI.  Other 
results  which  are  discussed  include  those  of  Gamson  and  Elkins  [35]  who 
have  obtained  a  limited  amount  of  space  time  vs.  conversion  data  for 
one  feed  composition  which  was  fed  to  a  fixed  bed  integral  reactor. 

Gamson  and  Elkins  also  studied  the  thermodynamics  of  the  reaction. 

Hammar  [44]  also  studied  the  Claus  reaction  in  an  integral  fixed-bed 
reactor  over  a  cobalt-molybdenum-alumina  catalyst,  in  a  1:1:10  ratio, 
respecti vely . 

The  surface  chemistry  of  Y-alumina,  the  catalytical ly  active 
constituent  of  bauxite  for  the  Claus  reaction  [22],  has  also  been  dis¬ 
cussed  in  the  literature  review. 

1 .3  Approach  and  Extent  of  Present  Work 

Rate  studies  on  the  reaction  of  H2S  and  S02  over  a  bauxite 
catalyst  were  performed  in  a  recycle  flow  reactor  in  preference  to  dif- 
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ferential  or  integral  flow  reactors.  The  use  of  a  differential  bed 
flow  reactor  requires  very  precise  feed  and  product  stream  analyses  to 
obtain  reliable  rate  measurements  since  only  a  small  change  in  com¬ 
position  occurs  across  the  differential  bed.  Difficulties  in  formu¬ 
lating  synthetic  feed  mixtures  containing  sulfur  vapor  would  be  anti¬ 
cipated.  A  differential  reactor  offers  the  advantage  that  nearly 
isothermal  rate  data  can  be  obtained  since  only  a  small  temperature 
rise  takes  place  across  the  catalyst  bed  for  exothermic  reactions.  The 
use  of  an  integral  reactor  avoids  the  synthetic  feed  mixture  problem 
and  thus  the  requirement  of  high  analytical  precision  however,  the 
experimental  rate  data  so  obtained  are  unlikely  to  be  isothermal  for  a 
reaction  as  highly  exothermic  as  the  Claus  reaction.  The  recycle  reactor 
consists  of  a  catalyst  bed  through  which  a  large  portion  of  the  product 
stream  is  recycled  after  mixing  with  the  incoming  fresh  feed.  Because 
of  the  considerably  reduced  conversion  obtained  per  pass,  the  perfor¬ 
mance  of  the  recycle  reactor  approximates  that  of  a  differential  reactor 
and  isothermal  data  can  be  more  easily  measured.  Because  of  the  large 
number  of  passes  (recycle  to  feed  flow  ratio  is  roughly  20:1),  the 
overall  conversion  across  the  reactor  provides  large  changes  between 
the  composition  of  the  feed  and  that  of  the  product  stream. 

The  experimental  program  described  in  Section  6.1  was  designed 
to  reflect  the  operating  conditions  encountered  in  the  catalytic  stage 
of  commercial  modified  Claus  sulfur  plants.  The  region  of  S0£  and 
H^O  partial  pressures  and  the  temperature  range  which  were  investigated 
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are  compared  to  plant  conditions  in  Table  1.1.  A  sulfur  plant  with 
100%  H^S  acid  gas  composition  and  50%  conversion  of  H^S  to  sulfur  in 
the  waste  heat  boiler  was  used  as  a  basis  for  comparison.  The  temper¬ 
ature  range  for  commercial  plants  is  shown  in  Figure  3.2,  an  equilibrium 
plot  of  percent  conversion  of  to  sulfur  vapor  versus  temperature, 
on  which  Gamson  and  Elkins  [35]  indicate  the  region  for  the  catalytic 
reaction. 


Table  1 .1 


Comparison 

of  Experimental  Program  with  a  Sulfur 

Plant 

Experimental 

Program 

Commercial  Sulfur  Plant  (latm) 
1st  Converter  95%  Conversion 

H^S  pressure  (mmHg) 

12-62 

83 

8.8 

SO^  pressure  (mmHg) 

10-45 

41.5 

4.4 

H^O  pressure  (mmHg) 

nil -120 

116. 

250. 

Temperature  (°K) 

481-560 

460-600 

The  range  of  operating  conditions  in  the  experimental  program 
represents  the  plant  operation  well  except  for  the  water  vapor  partial 
pressures.  A  higher  water  vapor  pressure  was  not  studied  because  it 
was  anticipated  that  high  steam  content  would  damage  the  recycle  pump, 
a  sliding-vane  compressor  which  depended  upon  the  lubricating  quality 
of  graphite  for  smooth  operation.  Considerable  "vane-chatter"  prevailed 
when  the  water  vapor  pressure  was  raised  to  150  mm  Hg. 

Film  and  pore  diffusion  effects  have  been  considered  both  in 
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theory  and  experimentally  in  this  program.  A  brief  discussion  of  the 
theory  in  Section  2.4  and  application  of  it  in  Appendix  D  suggests  that 
the  reaction  is  not  limited  by  bulk  mass  transfer  and  that  the  Claus 
reaction  takes  place  predominantly  on  the  external  surface  of  the  bauxite 
catalyst. 

•j 

Since  the  incentive  for  carrying  out  this  research  project 
has  been  to  contribute  information  which  will  improve  sulfur  plant 
reactor  design  and  operations,  and  thus  help  to  reduce  SO^  emissions 
to  the  atmosphere  from  sulfur  plants,  the  other  reactions  which  can 
take  place  in  modified  Claus  plants  have  also  been  reviewed.  This  re¬ 
view  emphasizes  the  scope  of  chemical  technology  which  must  be  examined 
to  upgrade  sulfur  plant  design  and  operation. 
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CHAPTER  II 

LITERATURE  REVIEW  AND  THEORY 

2.1  Industrial  Sulfur  Plant  Technology 

2.1.1  Sulfur  Recovery  Processes 

A  number  of  processes  exist  for  recovery  of  sulfur  from  manu¬ 
factured  or  natural  gases  containing  hydrogen  sulfide.  The  majority  of 
these  schemes  fall  in  one  of  four  categories: 

(i)  dry  bed-catalytic  conversion 

(ii)  dry  bed  adsorption-catalytic  conversion 

(iii)  liquid  media  absorption-air  oxidation,  and 

(iv)  liquid  media  absorption-direct  conversion. 

Dry  bed  adsorption-catalytic  conversion  is  used  in  the  Haines 
process  [42].  Hydrogen  sulfide  from  a  sour  gas  is  adsorbed  on  a  bed 
of  zeolites  until  the  bed  is  saturated  with  H£S.  The  bed  is  then  re¬ 
generated  with  hot  sulfur  dioxide,  obtained  from  burning  part  of  the 
sulfur  product  in  air,  which  reacts  with  adsorbed  hydrogen  sulfide  to 
produce  sulfur  vapor.  The  effluent  vapor  is  condensed  and  stored  as 
liquid  sulfur. 

Liquid  media  absorption-air  oxidation  is  usually  best  suited 
for  gases  containing  1-1000  grains  of  H^S  per  100  standard  cubic  feet 
of  gas  [92].  The  Thylox  and  Perox  processes  [57]  are  typical  examples 
of  this  recovery  scheme.  Absorption  of  occurs  in  a  slightly  alkaline 
solution  containing  oxygen  carriers  which  oxidize  the  H^S  to  sulfur. 

The  solution  is  generated  with  air  which  also  acts  as  a  flotation  agent 
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for  suspended  sulfur  in  the  liquid.  Arsenic-activated  potassium  car¬ 
bonate,  sodium  arsenate  or  thioarsenate,  and  aqueous  ammonia  in  hydro- 
quinone  are  commonly  used  liquid  media. 
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The  Townsend  process  [103]  is  an  example  of  the  liquid  media 
absorption-direct  conversion  category.  Here,  an  aqueous  SO^-rich 
organic  solvent  such  as  triethylene  glycol  contacts  the  sour  gas  and 
simultaneously  sweetens  and  dehydrates  the  gas  and  converts  the  absorbed 
H^S  to  sulfur.  Sulfur  product  is  burned  to  SO^  which  is  absorbed  by  the 
glycol  prior  to  contacting  H^S.  It  is  theorized  that  the  water  present 
in  the  glycol  catalyzes  the  reaction. 

Dry  bed  catalytic  conversion,  the  principal  concern  of  this 
thesis,  first  became  a  commercial  process  for  the  recovery  of  sulfur 
from  H^S  produced  in  coke  ovens  between  1883  and  1887  [12].  In  the 
1940's  large-scale  processing  of  sour  gas  and  effective  sulfur  recovery 
commenced  with  the  operation  of  the  gas  processing  units  at  McKamie, 
Arkansas  by  the  Arkansas  Fuel  Oil  Company  [28]. 

In  gas  processing  terminology,  sour  is  a  term  which  is  used 
to  describe  gases  containing  appreciable  quantities  of  H^S  and/or  CO^. 
For  natural  gas,  strict  residue  gas  specifications  require  that  H^S  and 
CO^  be  almost  completely  removed.  Two  absorbents  are  commonly  used  in 
industrial  practice:  monoethanol  amine  (MEA)  and  diethanolamine  (DEA). 

A  correctly  designed  MEA  system  will  produce  a  residue  gas  containing 
less  than  0.1  grain  of  H^S  per  100  cu.  ft.  High  molecular  weight  hydro¬ 
carbons  also  tend  to  absorb  into  MEA  and  for  refinery  gases  containing 
high  percentages  of  these  heavy  hydrocarbons ,  DEA  was  found  to  be  an 
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effective  F^S  absorbent  [28].  Dimethyl  formamide  is  another  success¬ 
ful  absorbent  used  for  removing  H^S  from  light  hydrocarbon  streams. 

The  two  gaseous  offstreams  from  the  absorption  unit  are 
called  the  sweet  gas  stream,  which  exits  from  the  absorber,  and  the 
acid  gas  stream,  which  leaves  the  absorbent  regenerator.  The  latter 
stream  flows  to  the  sulfur  recovery  unit  and  may  contain  from  two  to 
one  hundred  percent  H^S  if  the  plant  is  based  on  the  Claus  process. 

When  designing  a  dry  bed  catalytic  conversion  type  of  sulfur 
recovery  unit,  three  distinctly  different  types  of  processes  are  avail¬ 
able:  the  once-through  process,  the  split-stream  process  and  the  direct 
oxidation  unit.  Figure  2.1  schematically  describes  the  flow  in  each 
type  of  plant.  There  are  many  variations  of  flow  schemes  within  each 
type  of  plant  however,  they  will  not  be  dealt  with  here. 

The  straight-through  and  split-flow  processes  both  involve 
burning  one-third  of  the  acid  gas  stream  with  air  to  produce  the  SC^ 
necessary  for  the  Claus  reaction.  The  free  flame  combustion  and  catalytic 
conversion  stages  of  the  modified  Claus  process  were  described  in  the 
Introduction.  The  direct  oxidation  process  involves  reacting  the  H^S 
with  the  oxygen  in  air  over  catalyst,  as  indicated  by  the  following 
reaction , 


2H2S  +  02  +  =  2H20  +  |  Sx  . 

No  burning  of  H^S  takes  place  in  this  type  of  plant. 


(2.1) 
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STRAIGHT 

THROUGH 

(50-100%  H2S) 


FURNACE 

CONDENSER 

PREHEATER 

REACTOR 

CONDENSER 

PREHEATER 

REACTOR 

CONDENSER 

TO  STACK 

(or  additional 
reactor ) 


SPLIT 

FLOW 

(15-50%  H2S) 


DIRECT 

OXIDATION 

(2-15%  H2S) 


h2s  air 


FIGURE  2.1:  DRY  BED  CATALYTIC  CONVERSION  SULFUR  PLANTS(29) 


Design  of  sulfur  plants  is  discussed  in  numerous  papers  [35, 
39,82,84,105]  and  the  literature  describing  sulfur  plant  operations  is 
also  quite  prolific  [2,11,41,84,106].  Table  2.1  indicates  the  primary 
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guidelines  for  selecting  one  of  the  three  sulfur  plant  flow  schemes 
depicted  in  Figure  2.1. 


The  level  of  H^S  content  in  the  acid  gas  exerts  the  strongest 


influence  on  plant  selection.  Flame  stability  in  these  plants  is  af¬ 
fected  by  the  H^S  concentration.  At  low  levels  of  H^S  in  the  acid  gas, 
it  is  not  possible  to  maintain  adiabatic  I^S  combustion  hence,  the 
direct  oxidation  process  is  employed.  The  2/3  by-pass  or  split  flow 
is  used  at  intermediate  H^S  levels  since  only  1/3  of  the  acid  gas  is 
ever  burned.  Since  there  is  no  sensible  heat  loss  to  the  remaining 
2/3  of  the  stream,  flame  stability  is  enhanced.  High  concentration 
H2S  acid  gas  streams  experience  relatively  few  problems  maintaining 
effective  combustion. 


Table  2.1 


Sulfur  Plant  Selection  Criteria 


Strai ght 

Physical  Constraint  Through 


Spl  it 
Flow 


Direct 

Oxidation 


Acid  gas  composition  50-100% 


15-50% 

h2s 


2-15% 


High  HC  content 
in  acid  gas 


Least  Acceptable  Acceptable 

acceptable 


Necessary  efficiency  _>  93-95%  _>  87-93% 

of  sulfur  recovery 


>  80-85% 


Heat  recovery 
efficiency 


Hi ghest 


Moderate 


Lowest 
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High  acid  gas  hydrocarbon  content,  say  2  to  5%,  causes  the 
formation  of  COS  and  CS^  in  the  burner  zone  of  these  plants  [97].  Since 
they  are  very  difficult  to  remove,  it  therefore  is  desirable  to  by-pass 
2/3  of  the  acid  gas  to  minimize  the  formation  of  these  two  compounds. 
Substantial  amounts  of  soot  are  also  formed  in  the  burning  process  if 
hydrocarbons  are  present  [10]  which  causes  catalyst  fouling.  Pan- 
American  [28,40,41]  indicates  that  saturated  hydrocarbons  can  be  dealt 
with  in  their  process,  but  unsaturated  hydrocarbons  adversely  affect 
the  direct  oxidation  process  and  only  traces  can  be  tolerated. 

2.1.2  Claus  Type  Sulfur  Plant  Design  and  Operation 

The  conventional  Claus  type  sulfur  plant  involves  a  series  of 
conversion  and  condensation  steps.  In  designing  sulfur  plants,  industry 
attempts  to  reach  an  economic  balance  between  capital  investment  and 
sulfur  recovery  subject  to  reasonable  air  pollution  constraints. 

A.R.  Valdes  has  formulated  the  problem  of  how  to  design  the 
waste  heat  boiler  and  used  a  computer  program  to  solve  it  [106].  Al¬ 
though  heat  transfer  mechanisms  have  been  rigorously  formulated  and  in¬ 
corporated  into  the  solution,  Valdes  assumes  that  gas  composition  is 
known  and  invariant  from  the  burner  end  of  the  fi retube  to  the  outlet 
of  the  boiler.  The  equilibria  between  H^S,  SO^,  H^O  and  the  various 
sulfur  species  are  highly  temperature-dependent  and  the  associated 
heats  of  reaction  are  considerable  [35].  Therefore,  it  would  be  most 
desirable  if  this  assumption  could  be  eliminated  by  assuming  that  equili¬ 
brium  composition  exists  at  the  temperatures  encountered  as  the  gases 
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pass  through  the  boiler.  The  heat  balance  could  then  be  adjusted  as 
the  equilibrium  shifts. 

Opekar  and  Goar  [82]  have  proposed  and  developed  a  computer 
program  which  optimizes  sulfur  plant  design.  They  assume  that  hydro¬ 
carbons  are  completely  oxidized  to  CO2  and  water,  which  is  not  strictly 
true.  Side  reactions  occur  in  waste  heat  boilers  to  produce  appreci¬ 
able  quantities  of  COS  and  CS^  from  CO^  and  hydrocarbons .  These  con¬ 
stituents  contribute  roughly  one  third  of  the  sulfur  losses  emitted 
from  sulfur  plants  [10], 

The  literature  appears  to  be  generally  scanty  with  regard  to 
firetube  boiler  design,  with  the  objective  of  minimizing  COS,  CS^  and 
soot  formation,  indicating  a  lack  of  fundamental  research  on  flame 
technology. 

The  literature  on  the  actual  design  of  catalytic  converters 
is  also  sparse.  Opekar  and  Goar  [82]  used  the  Gamson  and  Elkins  method 
[35]  for  calculating  adiabatic  converter  equilibrium  conversions  used 
in  material  and  energy  balance  calculations.  No  information  is  given  on 
how  the  converter  size  or  geometry  were  selected. 

Valdes  [105]  considers  the  optimum  operating  temperature  for 
catalytic  converters  to  be  475°F.  Below  this  temperature,  the  rate  of 
reaction  of  H^S  and  SC^  will  limit  conversion  and  above  475°F,  the 
equilibria  of  the  system  will  limit  the  conversion.  No  reference  is 
made  in  his  article  to  the  source  of  the  statement  regarding  kinetics 
however,  at  temperatures  below  475°F,  sulfur  will  condense,  poisoning 
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the  catalyst. 

To  maintain  reasonably  low  reaction  temperatures,  Valdes 
suggests  that  two  or  more  converter  beds  are  much  more  efficient  than 
one.  Carbon  deposition  occurs  primarily  in  the  top  layer  of  the  initial 
catalyst  bed  (two  to  six  inches  from  the  top  of  the  bed)  thus  carbon 
residue  poisoning  is  not  important  if  bed  thicknesses  exceed  six  inches 
by  a  sufficient  margin. 

Petrunic  [90]  has  recently  indicated  that  contemporary  sulfur 
plants  still  experience  operational  difficulties.  Bauxite  catalyst  of 
2/4  mesh  size  proved  to  be  lacking  in  mechanical  strength  in  Canadian 
Fina's  Wildcat  Hills  sulfur  plant.  Resultant  disintegration  during 
service  caused  the  formation  of  excessive  catalyst  fines  which  created 
intolerable  converter  pressure  drop.  Regeneration  produced  more  fines 
from  catalyst  deterioration  and  they  were  generally  dissatisfied  with 
bauxite  catalyst  which  varied  physically  and  chemically  from  shipment 
to  shipment.  This  problem  was  solved  when  they  used  a  new  catalyst  which 
was  called  activated  alumina,  K-201 .  The  K-201  activated  alumina  was 
in  the  form  of  hard,  spherical  particles  with  diameter  1/8  to  1/4  in. 

The  Wildcat  Hills  plant  also  encountered  problems  in  poor 
sulfur  separation  in  the  sulfur  condensers.  This  can  be  attributed  to 
sulfur  fog  formation  which  can  be  predicted  [52].  Inline  separators 
installed  after  the  catalyst  beds  removed  virtually  all  of  the  entrained 
sul fur. 
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2c 2  Fundamental  Research  Performed  on  Sulfur  Plant  Reactions 

Although  the  primary  focus  of  the  work  reported  herein  con¬ 
cerns  the  Claus  reaction,  this  section  will  also  deal  with  other  re¬ 
actions  which  conceivably  take  place  in  sulfur  plants  and  which  are 
increasingly  more  important  from  the  standpoint  of  air  pollution  abate¬ 
ment 

The  major  source  of  sulfur  compound  air  pollution  emitted 
from  different  plants  vary  with  the  type  of  installation,  however,  it 
is  generally  conceded  that  the  major  contributors  include: 

(i)  unreacted  H^S  and  SC^, 

(ii)  CS^  and  COS,  and 

(iii)  entrained  sulfur  vapor. 

Therefore,  the  remainder  of  this  section  will  deal  with  published  re¬ 
search  related  to  these  problems. 

2.2.1  Carbon  Disulfide  and  Carbonyl  Sulfide  Reactions 

Most  commercial  H^S  streams  contain  appreciable  quantities  of 
CO^  and  light  hydrocarbons.  It  has  been  established  [10]  that  the  high 
temperature  combustion  of  such  a  gas  results  in  the  conversion  of  part 
of  these  carbon  compounds  to  COS  and  CS^.  Thus,  the  free  flame  combus¬ 
tion  zone  of  a  sulfur  plant  is  one  source  of  these  two  pollutants. 

Merryman  and  Levy  [67,68,69,70]  have  investigated  the  kinetics 
and  mechanism  of  the  combustion  of  H^S-air  mixtures  and  COS-air  mixtures 
using  a  mass  spectrometric  flame  sampling  technique. 

For  COS  combustion,  the  depletion  rate  of  COS  was  found  to  be  [67] 
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-  ^ar1  ■  -  rCOS  '  k5  [“S]  [02]  (2.1) 

where,  =  8,24  x  lO1^  exp[-  ]  CC  mole"1  sec"1 . 

For  H^S  combustion  the  overall  rate  expression  is  not  so  simple,  but 
the  overall  reaction  rate  is  predicted  by  [68] 

d[H?S] 

dt  rH2S  "  k6  ^H2S^  ^°3  (2°2) 

where,  kg  =  1.45  x  1015  exp  [-  CC  mole"1  sec'1. 

Aside  from  the  work  of  Levy  and  Merryman,  very  little  funda¬ 
mental  research  results  are  available  on  the  burning  process  in  sulfur 
plants,  Opekar  and  Goar  [82]  have  suggested  that  some  of  the  following 
overall  reactions  may  occur: 


C0£  +  H2S  =  COS  +  H20  (2-3) 

C0  +  I  S2  =  C0S  (2.4) 

2C0S  +  02  =  CO„  +  CS2  (2.5) 

COS  +  H2S  =  CS2  +  H20  (2.6) 

2 CO  +  S2  =  C02  +  CS2  (2.7) 
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C  +  $2  —  CS2 


2C0S  +  302  = 
2C0S  +  S02  — 

cs2  +  so2  = 

2CS2  +  S02  = 


2S02  +  2C02 

2  S2  +  2C02 

2~  $2  + 

|  S2  +  2C0S 


(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 


Smith  [30,31,80]  has  studied  the  following  heterogeneous  re¬ 
action  over  a  silica  catalyst. 


CH,  +  2S?  =rr  CS?  +  2H?S  .  (2 e  13) 

4  c  cat  c  L 

This  suggests  that  it  may  be  possible  that  CS2  could  be  formed  in  the 
catalytic  converters  of  sulfur  plants  however,  plant  data  have  not  been 
released  which  could  substantiate  the  possibility  that  alumina  is  also 
catalytically  active  for  this  reaction.  Furthermore,  kinetic  considerations 
indicate  [30,31,80]  that  this  reaction  occurs  very  slowly  even  on  silica 
gel  at  Claus  converter  temperatures. 

On  the  other  hand,  the  literature  [14,34]  suggests  that  bauxite 
is  an  effective  catalyst  for  converting  CS2  and  COS  with  SO2  to  sulfur 
in  the  following  reactions: 
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2C0S  +  S02  =  2C02  +  f  Sx  (2.14) 

CS2  +  S02  =  C02  +  |  Sx  (2.15) 

Gamson  and  Elkins  [35]  studied  reaction  (2.14)  using  bauxite 
catalyst  and  found  that  with  a  gas  stream  composition  of  5.5%  COS, 

2.75%  SO2  and  91.75%  (volumetric  basis)  yields  of  90%  or  better 
were  attainable  between  250°C  and  300°C  at  a  space  velocity  of  200  std 
cu.ft./(cu.ft.  catalyst)(hr) .  A  typical  sulfur  plant  space  velocity 
falls  between  650  and  900  std  cu.ft./(cu.ft.  catalyst) (hr)  [16]  and  so, 
conversions  for  reaction  (2.14)  may  be  limited  in  commercial  bauxite 
converters  by  the  short  contact  time. 

From  available  Claus  sulfur  plant  data  [95],  the  amount  of 
COS  and  CS^  which  is  removed,  even  in  three  converter  units,  is  very 
marginal.  In  view  of  this  fact  and  the  reported  efficiency  of  bauxite 
catalyst  for  catalyzing  reactions  (2.14)  and  (2.15),  it  is  possible  that 
the  H^S  and  SO2  may  be  poisoning  the  catalyst  for  these  reactions. 

This  could  result  from  H^S  or  SO2  having  a  much  higher  affinity  for  the 
same  active  centre  required  by  the  COS  and  CS2  for  their  catalytic  re¬ 
action. 

Cameron  and  Beavon  [10]  suggest  another  means  of  CS2  and  COS 
removal,  which  involves  hydrolysis  to  hydrogen  sulfide  by  reaction  with 
water, 
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COS  +  H20  =  H2S  +  C02  (2.16) 

CS2  +  2H20  =  2H2S  +  C02  (2.17) 

Ample  water  is  released  by  the  Claus  reaction  to  provide  the  necessary 
reactant  for  the  COS  and  CS2  and  the  equilibrium  is  very  favourable  for 
completion  of  these  reactions.  However,  reaction  rates  are  very  slow 
over  bauxite  catalyst  even  at  temperatures  as  high  as  650°F.  The  authors 
claim  to  have  found  another  catalyst  with  much  higher  activity  than 
bauxite  for  the  reactions.  They  indicated  that  these  organic  sulfur 
compounds  contribute  one-third  or  more  to  the  total  losses  of  sulfur 
to  plant  stack  gases. 

2.2.2  The  Claus  Reaction 

Gamson  and  Elkins  [35]  studied  the  Claus  reaction  in  an  integral 
reactor  (18  in.  long  by  1.5  in.  diameter)  packed  with  4/8  mesh  Porocel 
catalyst.  A  hypothetical  sulfur  plant  acid  gas  stream  containing  100% 

H2S  which  had  undergone  69.4%  conversion  in  a  waste  heat  boiler  formed 
the  basis  for  selecting  the  reactor  feed  composition  of  6.78%  H2S, 

3.39%  S02,  63.00%  N2  and  26.83%  H20  by  volume.  The  integral  reactor 
was  operated  at  four  space  velocities  (240,  480,  960  and  1920  (scf  gas)/ 
cu.ft.  catalyst)/(hr)  and  three  temperatures  (230,  260  and  300°C).  At 
these  twelve  operating  conditions,  the  overall  conversion  of  the  H2S 
was  measured  and  the  results  were  plotted  on  a  conversion  vs,  space 
time  diagram.  The  article  [35]  states  that  in  a  typical  experiment, 


20 


Table  2.2 

Space  Velocity  -  Conversion  Data  of 

Gamson  and  Elkins  [35] 


Space  Velocity 
SCF/(cu.ft.  catalyst) (hr) 

240 

240 

240 

480 

480 

480 

960 

960 

960 

1920 

1920 

1920 


Temperature 

(°c) 

Total 

Conversion 

on 

230 

97.9 

260 

96.7 

300 

94.8 

230 

96.9 

260 

95.8 

300 

94.4 

230 

96.0 

260 

95.2 

300 

94.0 

230 

93.8 

260 

93. 4 

300 

92.9 

. 
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the  catalyst  was  charged  and  brought  to  temperature.  After  passing 
reactants  through  the  reactor  for  fifteen  minutes,  the  fractional 
conversion  was  measured  using  wet  chemical  techniques.  This  implies 
that  no  time  was  allowed  for  conditioning  the  catalyst.  Also,  nothing 
is  stated  about  catalyst  bed  temperature  rise.  The  data  which  were 
obtained  in  the  Gamson  and  Elkins  study  are  presented  in  Table  2.2. 

These  data  provide  a  basis  from  which  a  reactor  could  be  sized,  but 
only  for  the  feed  composition  which  they  used  and  only  between  230  and 
300°C.  However,  these  authors  cautioned  that  their  kinetic  data  was 

i 

inconsistent  with  their  thermodynamic  analysis  of  the  Claus  reaction 
because  they  measured  conversions  which  were  higher  than  thermodynamic 
equilibrium  conversions  for  the  same  temperature  and  pressure. 

Murthy  and  Rao  [79],  using  a  batch  recycle  reactor,  studied 
metallic  sulfides  as  catalysts  for  the  Claus  reaction  and  found  that  at 
25°C  the  reaction  would  not  proceed  with  any  of  their  catalysts  unless 
water  was  present.  In  fact  water  exhibited  an  autocatalytic  effect  with 
silver  sulfide.  They  also  studied  the  reaction  over  cobalt  thiomolybdate , 
cobalt  sulfide,  and  molybdenum  sulfide.  They  postulated  that  the  re¬ 
action  took  place  in  the  following  sequence: 

H2S  +  SO2  =  H2S2O2 

H2S202  =  H2S0  +  SO  (2.18) 


h2so  =  h2o  +  S 
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SO  +  H2S  =  H20  +  2S  . 


The  first  step  was  considered  to  be  rate-controlling,  but  this  mechanism 
could  not  be  tested  against  their  data  since  they  permitted  sulfur  to 
condense  on  the  catalyst  during  their  runs.  Sulfur  deposition  would 
likely  foul  the  catalyst,  which  meant  that  accurate,  steady-state  rate 
data  were  not  measured. 

Pyrex  glass  surfaces  were  studied  as  catalysts  for  the  Claus 
reaction  by  Taylor  and  Wesley  [101].  Their  results  can  be  summarized 
by  the  following  rate  equation  which  includes  a  term  to  account  for 
the  area  of  the  glass  surface, 


pi » 5  p 

rH2S  *S02 


(2.19) 


where  is  the  area  of  the  glass  surface.  In  the  course  of  their 
investigation  they  found  that  no  measurable  homogeneous  reaction  took 
place  at  580°C  and  that  water  vapor  would  not  react  with  liquid  sulfur 
in  their  sulfur  condenser.  As  indicated  by  the  above  equation,  they 
noted  that  overall  reaction  rates  were  proportional  to  the  glass  surface 
area,  thus  revealing  the  heterogeneous  nature  of  the  reaction. 

Udintseva  and  Chufarov  [104]  also  noted  that  H2S  and  S02 
would  not  react  homogeneously  between  250°C  and  350°C.  Glass,  aluminium 
and  aluminium  oxide  were  reported  to  be  effective  catalysts  for  the 
Claus  reaction  while  iron  and  iron  oxide  exerted  only  a  weak  catalytic 


effect. 
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In  an  activation  study  of  bauxite  catalyst,  Landau  and 


Molyneux  [62]  concluded  that  the  Claus  reaction  was  a  diffusion-con¬ 
trolled  process.  This  conclusion  was  based  on  the  fact  that  catalytic 
activity  increased  with  smaller  particle  sizes.  These  authors  did 
not  state  whether  it  was  film  or  pore  diffusion  which  was  controlling 
the  reaction  rate.  Since  they  provided  no  equipment  description  or 
catalyst  charge  sizes  it  was  not  possible  to  examine  what  type  of 
diffusion,  if  any,  prevailed.  Therefore  the  usefulness  of  this  con¬ 
clusion  was  rather  limited. 


Hammar  [44]  has  made  a  substantial  contribution  to  the  in¬ 


formation  available  on  the  kinetics  and  mechanism  of  some  of  the  sulfur 
plant  reactions.  He  studied  the  following  reactions  primarily  over 
cobalt-molybdenum-alumina  catalyst  mixtures, 


(2.20) 


2H2S  +  S02  =  2H20  +  |  Sx 


(2.21) 


H2S  +  (1.5-n)02  =  H20  +  (l-n)S02  +  £  Sx  (2.22) 


S02  +  (3-n)H2  =  2H20  +  (l-n)H2S  +  £  Sx 


(2.23) 


Hammar  used  glass  differential  flow  reactors  for  obtaining  rate  measure¬ 
ments.  In  his  study  of  reaction  (2.20)  he  concluded  that  sulfur  reacted 
in  the  adsorbed  form  but  that  the  interior  surface  of  the  catalyst  was 
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not  available  for  reaction  due  to  capillary  condensation  of  the  sulfur. 
This  conclusion  was  based  on  the  observation  that  above  a  critical 
sulfur  concentration  the  reaction  rate  very  abruptly  decreased.  His 
glass  equipment  catalyzed  the  Claus  reaction,  (2.21),  but  only  an  in¬ 
significant  amount  compared  to  that  from  the  catalyst.  Before  his  pro¬ 
duct  analytical  train,  Hammar  condensed  the  sulfur  vapor  on  glass  wool 
and  water  was  removed  and  gravimetrical ly  determined  by  adsorption  on 
Dehydrite.  It  was  observed  that  the  Dehydrite  catalyzed  the  reaction 
only  when  it  became  visibly  moistened  and  therefore  it  was  renewed 
after  each  run.  This  author  attempted  this  same  approach  for  water 
determination  and  found  that  even  if  the  Dehydrite  was  not  visibly 
moistened,  sulfur  would  form  on  the  dessicant  at  room  temperature. 
Furthermore,  it  was  found  that  Dehydrite  can  adsorb  and  retain  small 
amounts  of  H^S.  Therefore,  the  method  was  discarded  and  it  is  sug¬ 
gested  that  the  water  determinations  of  Hammar  which  were  used  di¬ 
rectly  for  calculating  fractional  conversions  were  systematically  high 
since  more  than  just  the  weight  of  water  on  the  Dehydrite  was  being 
measured. 

Hammar  concluded  that  the  reaction  rate  decreased  as  the 
partial  pressure  of  sulfur  vapor  was  increased.  However,  he  did  not 
prepare  synthetic  feed  mixtures  which  contained  sulfur.  This  conclu¬ 
sion  was  based  on  the  fact  as  the  fractional  conversion  of  H^S  in¬ 
creased,  the  reaction  rate  decreased  more,  than  it  should  have  for  the 
decreased  H^S  and  SO^  partial  pressures  which  accompanied  the  higher 


i 
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conversion.  On  the  basis  of  this  observation  he  can  not  say  that  it 
is  sulfur  vapor  and  not  water  vapor  or,  for  that  matter,  either  product 
species  which  retard  the  reaction.  With  regard  to  sulfur  vapor,  he 
noted  no  sudden  decrease  of  reaction  rate  at  conditions  where  sulfur 
vapor  capillary  condensation  was  likely  to  take  place  and  he  concluded 
therefore  that  the  Claus  reaction  takes  place  predominantly  on  the  ex¬ 
ternal  surface  of  the  catalyst,  Hammar  used  the  Kelvin  equation  given 
below  to  predict  the  occurrence  of  capillary  condensation  in  pores, 


in[ 


|2v)(g)(cos4») 

(rk)(RT) 


(2.24) 


The  following  mechanism  for  the  Claus  reaction  was  postulated 
by  Hammar.  Both  H^S  and  SC^  are  adsorbed  on  adjacent  active  centres 
and  dissociates.  This  gives  a  primary  reaction  of. 


S0„  +  H+  +  SH”  =  HS  •  SO  •  OH  .  (2.25) 

He  could  not  suggest  how  the  intermediate  reacted  further  but  offered 
two  possibilities.  One  case  involved, 

OH 

HS  •  SO  -OH  +  H+  +  SH"  =  HS •  S  •  SH  .  (2.26) 

OH 

This  product  permits  water  to  split  off  and  sulfur,  in  the  form  of  S^, 
adsorbs  on  the  catalyst.  The  formed  initially  combines  with  other 
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adsorbed  on  adjacent  sites  and  the  desorption  occurs  from  a  network 
of  adsorbed  sulfur.  The  other  case  involved  a  propagation  reaction 
whereby, 


OH 

HS  •  S  •  SH  +  S02  =  HS 
OH 


S  •  S  •  SO  •  OH  - ?-> 

OH 


OH  OH  +  H  s  0H  0H  0H 

HS  •  S  •  S  •  S  •  SH  -  Jr  ->  HS  •  S  •  [S-S-S]-  S  •  OH 

•  e  *  JU/)  o  *110 

OH  OH  c  OH  OH  OH 


(2.27) 


Water  is  split  off  from  all  of  the  intermediates  at  different  rates 
and  the  sulfur  formed  will  be  distributed  according  to  some  probability 
function. 

Cormode  [15]  studied  the  Claus  reaction  over  commercial 
porocel  catalyst  using  a  recycle  flow  reactor.  He  suggested  that  H^S, 
itself,  was  decomposing  to  a  very  limited  extent  in  his  apparatus  how¬ 
ever,  the  accuracy  of  the  analytical  procedure  used  did  not  permit  him 
to  make  a  firm  conclusion  on  this  matter.  A  quantitative  comparison 
of  the  kinetic  data  measured  by  Cormode  and  the  work  reported  herein 
is  given  in  Section  6.9. 


2.2.3  Dissociation  Reactions  of  Sulfur 

Sulfur  vapor  shows  an  apparently  variable  molecular  weight 
dependent  upon  the  temperature  and  pressure  at  which  it  exists.  Kelly  [55] 
has  taken  the  data  of  Preuner  and  Schupp  [91]  and  derived  equations  for 
the  calculation  of  equilibrium  constants  at  any  temperature  for  the 


H2  •  Z  •  2H 
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following  reactions 


(2.28) 


3S 


2 


S 


6  * 


(2.29) 


Braune,  Peter  and  Neveling  [8]  found  that  their  experimental  data  re¬ 
quired  the  presence  of  as  well  as  S2,  Sg  and  Sg  for  adequate  ex¬ 
planation.  Both  Preuner  and  Braune  performed  vapor  density  measure¬ 
ments.  Berkowitz  and  Marquhart  [5],  using  a  mass  spectrometric  technique, 
confirmed  the  presence  of  S^,  Sg,  S^,  Sg,  Sg,  S^,  and  Sg  and  negligible 
amounts  of  Sg  and  S^q  around  400°K. 

No  direct  measurements  of  the  rates  of  dissociation  and 
association  of  sulfur  species  seem  to  be  available.  The  question  is 
raised  because  it  is  necessary  to  know  whether  equilibrium  is  attained 
when  calculating  the  average  molecular  weight  (or  vapor  density)  of 
sulfur  vapor  to  determine  its  partial  pressure.  Hammar  [44]  assumed 
sulfur  species  equilibrium  throughout  his  work.  Smith  [70,30,31],  in 
his  study  of  the  previously  discussed  catalytic  reaction. 


cat. 


CS2  +  2H2S 


(2.13) 


determined  a  rate  expression  which  treated  sulfur  vapor  pressure  as 
that  which  would  be  exerted  by  a  sulfur  specie  with  the  average  mole¬ 
cular  weight  of  the  vapor.  That  is,  he  assumed  that  the  sulfur  vapor 


■ 
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dissociation  reactions  were  very  rapid.  Since  the  rate  constant 
strictly  followed  the  Arrhenius  law,  this  was  taken  to  be  evidence 
that  this  assumption  was  correct. 

The  equilibrium  distribution  of  sulfur  species  between  100 
and  800°C  and  at  1  atm  pressure  is  shown  in  Figure  3.1.  Chapter  III 
deals  with  the  calculation  of  equilibrium  compositions  using  the  free 
energy  minimization  method.  In  this  work  it  was  also  assumed  that  the 
sulfur  vapor  was  a  mixture  of  the  species  Sg,  and  Sg  at  chemical 
equilibrium. 

2.2.4  Bauxite  and  Alumina  Catalyst 

It  is  clear  that  all  reactions  involving  two  phases  must  in¬ 
volve  an  interfacial  reaction  before  the  bulk  process  can  occur.  This 
is  true  of  heterogeneous  catalytic  reactions  and  it  is  of  interest  to 
consider  the  fundamental  aspects  of  gas-solid  interfacial  phenomena  as 
they  apply  to  the  Claus  reaction. 

The  regularity  of  atomic  species  arrangement  associated  with 
the  structure  of  a  crystalline  material  ends  at  the  surface  of  the  ma¬ 
terial.  At  this  surface,  irregular  bonds  occur  and  the  surface  atoms 
are  subject  to  an  asymmetric  distribution  of  forces.  This  state  of 
strain  can  be  reduced  either  by  rearrangement  of  surface  atoms  or  by 
adsorption.  In  the  latter  process,  molecules  of  a  foreign  substance 
are  added  to  the  surface  thus  relieving  the  strain  and  causing  a  de¬ 
crease  in  free  energy  at  the  surface. 

Catalytic  aluminas  are  transition  intermediates  which  occur 
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in  the  process  of  dehydrating  the  a-  and  3-aluminium  tri hydrates  to 
the  stable  crystalline  material,  corundum.  The  three  aluminas  of 
catalytic  interest  are  a-,  y-  and  r\-Ai^  Og*  Their  different  structures 
are  their  most  distinguishing  feature  and  they  are  dependent  on  en¬ 
vironmental  conditions  such  as  temperature,  pressure  and  ambient 
moisture. 

Boehmite,  which  has  been  suggested  by  Landau  [62]  to  be  the 
catalytical ly  active  phase  of  bauxite  for  the  Claus  reaction,  can  be 
written  as  y-  O3  •  H^O.  The  structure  is  made  up  of  double  sheets 
of  oxygen  octahedra  with  aluminium  ions  at  their  centres.  Hydrogens 
are  asymmetrically  placed  between  the  hydrogen  bonded  pairs  of  oxygen. 
Deer  [22]  suggestes  that  it  is  a  metastable  material  which  decomposes 
at  around  300°C  yielding  the  nearly  anhydrous  y-alumina. 

Peri  [85]  has  proposed  a  statistical  model  of  a  dehydroxyl ated 

alumina  surface  which  is  useful  for  describing  the  different  types  of 

surface  sites.  He  suggests  that  five  different  types  of  surface 

hydroxyl  groups  exist  and  that  they  are  distinguished  by  the  number 

-2  +3 

and  orientation  of  neighbouring  0  and  J\i  ions.  These  other  ions 
offer  two  other  possible  surface  sites.  The  square  lattice  depicted 
in  Figure  2.2  indicates  the  surface  situation  which  Peri's  model  pre¬ 
dicts.  The  five  unique  surface  OH  sites  have  been  verified  using  infra 
red  techniques,  and  they  are  labelled  as  A,  B,  C,  D  and  E  in  Figure 
2.2  [43]. 


■■ 
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+  DENOTES  A i3*  IN  LOWER  LAYER 

FIGURE  2.2:  COMPUTER  MODEL  OF  A  DEHYDROXYLATED 

ALUMINA  SURFACE  (85). 


31 


2.2.5  Gas-Solid  Studies  Performed  on  Alumina  and  Bauxites 

Landau  et  al  [62],  have  considered  the  activation  and  de¬ 
activation  of  bauxite  catalyst  and  the  effect  of  water  on  the  Claus 
reaction.  They  found  that  the  high  catalytic  activity  of  bauxite  or 
alumina  catalysts  coincided  with  good  dessicant  properties  of  the 
solid  and,  that  on  bauxite  catalysts,  iron  sulfate  formed  after  only 
a  few  hours  of  operation.  Their  observations  led  them  to  believe  that 
iron  sulfate  in  bauxite  tended  to  promote  the  formation  of  aluminium 
sulfate.  Catalyst  deactivation  was  directly  attributed  to  the  aluminium 
sulfate.  Water  was  found  to  retard  the  reaction  at  high  partial  pressures. 

In  a  kinetic  study  of  the  reactions  of  H2S  with  bauxite  and 
COS  with  bauxite,  Korobeinichev  [58]  concluded  that  COS,  undergoing 
the  hydrolysis  reaction, 

COS  +  H20  =  H2S  +  C02  ,  (2.16) 

on  bauxite  accelerates  the  reaction  of  H2S  with  ferric  oxide  in  the 
bauxite  according  to  the  following  reaction, 

H2S  +  1  Fe2°3  =  I  FeS  +  7  FeS2  +  H2°  •  (2.30) 

The  author  stated  that  this  interaction  of  reactions  can  be  accomplished 
with  the  aid  of  some  active  intermediate  product  which  he  did  not  specify. 
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Analagous  effects  were  also  observed  in  the  system  CS^  -  I^S  -  bauxite. 


Deo,  Dal  la  Lana  and  Habgood  [24]  have  studied  the  adsorption 


and  surface  reactions  of  H^S  and  SO^  on  four  catalysts,  including  y- 
alumina,  using  an  infrared  technique.  They  concluded  that, 

(i)  both  H^S  and  SO^  are  physically  adsorbed  to  y-alumina, 

(ii)  strong  hydrogen  bonding  exists  between  both  H^S  or  S09 
and  surface  hydroxyl  groups  of  type  D  in  Figure  2.2, 

(iii)  a  chemisorbed  form  of  SO^  exists  on  y-alumina  which  re¬ 
acts  with  H^S  according  to  the  Claus  reaction  and, 

(iv)  the  function  of  the  catalyst  is  to  primarily  bring  the 
reactants  together  in  a  suitable  orientation,  most  pro¬ 
bably  through  hydrogen  bonding. 

The  chemisorbed  form  of  SO^  was  explained  as  a  sulfate-like  structure 
shown  below. 


Maclver,  Tobin  and  Barth  [74]  studied  the  surface  properties 


of  well  characterized  samples  of  n-  and  y-alumina.  They  found  that 
after  removal  of  physically  adsorbed  water,  y-alumina  contained  7%  by 
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weight  water  and  n-alumina  contained  4.5%.  This  "excess"  2.5%  water 
on  y-alumina  could  be  desorbed  below  300°C  and  could  originate  from 
three  sources  which  are: 

(i)  condensation  of  surface  hydroxyl  groups, 

(ii)  molecular  water  bound  to  the  surface,  and 

(iii)  chemically  bound  water  incorporated  into  the  lattice  as 
internal  hydroxyl  groups. 

Based  on  their  rather  extensive  literature  survey  of  work  in  this  field 
and  their  own  experience,  Maclver  et  al  concluded  that  the  excess 
water  corresponded  to  a  monolayer  of  molecular  water,  hydrogen  bonded 
to  surface  hydroxyl  groups  and  that  the  remaining  4.5%  water  could  be 
accounted  for  by  condensation  of  surface  hydroxyl  groups. 

DeRosset  and  associates  [25]  determined  the  isotherms  of  H^S 
adsorbed  on  y-A^O^  from  H^S/H^  mixtures  over  the  temperature  range  of 
260°C  to  560°C.  Isosteric  heats  of  adsorption  ranged  from  25-38  k.cal/mole 
of  H^S  depending  on  the  degree  of  predrying  of  the  alumina.  They  found 
the  adsorption  to  be  ideal  based  on  entropy  calculations.  The  number 
and  strengths  of  the  adsorption  sites  indicated  to  DeRosset  et  al  that 
they  were  Lewis-acid  sites  formed  by  stripping  oxygen  anions  from  a 
spinel  surface  exposing  incompletely  coordinated  aluminium  cations.  The 
^S,  like  water  and  ammonia,  reacts  as  a  base  at  these  sites  and  forms 
an  A£-S  bond. 

According  to  the  electrical  measurements  of  Heldt  and  Hasse  [46], 
alumina  is  essentially  an  insulator  with  an  activation  energy  of  2.38 
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to  2.50  e.v.  for  conduction. 

This  review  of  bauxite  and  alumina  is  very  limited  considering 
the  available  published  material  describing  work  in  this  field.  Addi¬ 
tional  references  are  recommended  for  more  comprehensive  information 
available  on  these  catalysts  [22,43,72]. 

2.3  Adsorption,  Surface  Reaction  and  Related  Rate  Laws 

In  heterogeneous  kinetic  studies,  one  observes  the  reactants 
and  products  in  the  gas  phase  rather  than  in  the  actual  surface  phase 
in  which  reaction  occurs.  This  leads  to  the  distinction  between  the 
true  rate  law  expressed  in  terms  of  surface  concentrations  and  the 
apparent  rate  law  dependent  upon  the  various  gas  pressures.  The  true 
and  apparent  rate  laws  for  a  system  are  related  by  the  adsorption  equili¬ 
brium  since  this  connects  the  surface  with  gas  phase  concentrations. 

To  discuss  all  of  the  adsorption  isotherms  which  describe 
adsorption  equilibrium  would  add  unduly  to  the  bulk  of  this  literature 
review  however,  to  omit  them  would  limit  the  interpretation  of  the 
kinetic  data  which  has  been  measured  in  this  program. 

Laidler  [61]  points  out  that  there  are  three  important  features 
of  chemisorption  related  to  the  kinetics  of  surface  reactions.  The 
first  is  that  after  a  surface  has  become  covered  with  a  single  layer  of 
adsorbed  molecules  it  is  essentially  saturated  preventing  further  chemi¬ 
sorption.  This  is  the  unimolecular  layer  and  has  been  emphasized  by 
Langmuir  [63]  in  his  work. 

The  second  feature  is  that  chemisorption  may  have  an  appreci- 
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able  activation  energy  and  hence  may  be  a  slow  process.  It  is  generally 
agreed  that  chemisorption  on  oxides  involves  appreciable  activation 
energy. 

Thirdly,  there  is  frequently  a  considerable  variation  in  the 
adsorptive  capacities  of  the  various  surface  sites.  This  is  called 
surface  heterogeneity  and  the  concept  has  led  to  the  belief  that  chemical 
reaction  occurs  on  active  centres  on  catalysts  which  correspond  to 
lattice  defects  on  the  surface.  These  active  centres  have  been  en¬ 
visaged  by  Boudart  [6]  as  constantly  being  created  and  destroyed  with 
the  movement  of  excited  electrons  in  the  lattice. 

Although  numerous  adsorption  isotherms  have  been  successfully 
fitted  to  adsorption  data  and  have  some  theoretical  basis,  in  adsorption 
theory,  the  Langmuir  isotherm  is  of  great  importance  equivalent  to  that 
of  the  ideal  gas  law  [61].  The  Langmuir  expression  for  the  fraction, 

0,  of  a  surface  covered  by  a  gas  at  adsorption  equilibrium  is 


6,  = 


K  Pl 


i  1  +  K  Pi 


(2.31) 


where  p.  is  the  partial  pressure  of  the  gas  and  K  is  the  equilibrium 
constant.  Zeldowich  [109],  in  trying  to  derive  an  isotherm  which  in¬ 
corporated  the  concept  of  surface  heterogeneity  and  the  Langmuir  ad¬ 
sorption  isotherm,  arrived  at  an  isotherm  which  was  synonymous  with 
the  Freundlich  equation,  which  had  been  regarded  as  an  empirical  equation 
The  Freundlich  equation  may  be  written  in  the  form, 
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9i  =  K  Pi1/n  ,  (n>l)  (2.32) 

and,  as  Thomas  [102]  points  out,  it  should  no  longer  be  criticised  for 
predicting  progressively  increasing  surface  coverage  with  increasing 
pressure  because  according  to  the  derivation  of  Zeldowich  [109],  which 
is  available  in  a  simplified  version  due  to  Laidler  [61],  the  isotherm 
is  expected  to  be  valid  only  at  low  coverages  [102].  In  several  systems 
involving  the  chemisorption  of  gases  on  metals  and  oxides,  the  Freundlich 
equation  has  been  found  to  be  strictly  applicable  and  Thomas  [102]  sug¬ 
gests  the  following  references  to  be  consulted  to  see  examples  [32,102]. 

A  selection  of  isotherm  equations  and  their  applicability  is 
given  in  Table  2.3  which  was  compiled  by  Thomas  and  Thomas  [102].  The 
Langmuir  and  Freundlich  equations  have  been  invoked  to  provide  a  basis 
for  arguments  which  attempt  to  justify  the  use  of  Freundl ich-based  rate 
equations  for  data  correlation  which  are  discussed  in  Chapter  VI. 

2 . 4  Mass  Transfer  in  Heterogeneous  Catalysis 

The  investigation  of  catalytic  reactions  is  complicated  by 
the  fact  that  the  process  frequently  involves  diffusion  as  well  as 
chemical  phenomena.  The  overall  rate  of  a  catalytic  reaction  is  liable 
to  be  determined  by  one  of  the  following  steps: 

(i)  diffusion  of  the  reactant  molecules  to  the  catalyst  surface, 

(ii)  adsorption  of  the  reactants  on  the  surface, 

(iii)  reaction  in  the  adsorbed  layer, 

(iv)  desorption  of  the  product  molecules,  and 
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(v)  diffusion  of  the  product  molecules  away  from  the  vicinity  of 
the  catalyst  surface. 

Table  2.3 

A  Selection  of  Adsorption  Isotherms 


Name 

Isotherm  Equation 

Appl icabil ity 

Langmui r 

K  pi 

0i  (1  +  K  Pj) 

Chemisorption  and 
physical  adsorption 

Freundlich 

0.  =  K  p.1/n,  (n>l) 

Chemisorption  and 
physical  adsorption 

Henry 

va  =  K  Pi 

Chemisorption  and 
physical  adsorption 

Temkin 

0  ■  Iln  C0  Pi 

Chemisorption 

Brunauer-Emmett- 

Pi  _  1  ,  (K-l)  pi 

Multilayer  physical 

Teller  (BET) 

va(Pi°-Pi)  Kvm  vmK  pT 

adsorption 

In  kinetic  studies  it  is  desirable  to  eliminate  steps  (i)  and  (v)  as 
rate  controlling  steps,  however  film  diffusion  is  often  encountered 
industrially.  Pore  diffusion  also  can  exert  a  profound  effect  on  the 
observed  kinetics  of  a  reaction  and  consequently,  confuse  the  interpre¬ 
tation  of  the  rate  data.  Therefore,  the  theory  of  mass  transfer  and  its 
effect  on  reaction  rate  measurements  is  reviewed  in  this  section. 


r- 
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2.4.1  Film  Diffusion 

Gas  passing  over  a  catalyst  surface  develops  a  boundary  layer 
through  which  reactants  and  products  are  transported  at  rates  which  de¬ 
pend  mainly  on  the  nature  of  the  bulk  stream  flow  [96].  This  is  generally 
referred  to  as  boundary  layer  or  film  diffusion. 

Data  on  mass  transfer  from  gas  to  solid  are  commonly  expressed 
in  terms  of  a  mass  transfer  coefficient,  k^,  defined  by, 

Ni  =  kG  (pi  '  piS)  •  (2.33) 

The  flux  and  pressures  refer  to  the  .  constituent  in  the  chemical 
system. 

Dimensional  considerations  [96]  lead  to  the  following  basis 
for  mass  transfer  data  correlation: 

=  f<NRe>NSc>  •  (2'34> 

A  graphical  correlation  of  jd  versus  N^e  is  available  [96]  which  is 
very  useful  for  obtaining  k^  from  the  following  equation, 

JD  =  4fNSc3  •  <2'35> 

In  the  absence  of  diffusivity  data,  the  Lennard-Jones  ex¬ 
pression  [49]  has  been  suggested  [96]  as  a  reasonable  theoretical  ap- 
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proach  to  estimating  di ffusi vi ties , 


D 


12 


0.001858  TJ[(M1+M2)/M1M2] 
P  a-|2  ftp 


1/2 


(2.36) 


From  estimates  of  mass  transfer  coefficients,  it  is  possible 
to  evaluate  the  molecular  diffusion  rates  of  constituents  to  and  from 
the  catalyst  surface.  When  applied  to  a  catalyst  bed,  the  overall 
rates  can  be  determined.  The  above  equations  were  applied  in  Appendix 
D  in  order  to  estimate  whether  or  not  film  diffusion  is  a  rate- limiting 
feature  of  the  Claus  reaction  for  flow  conditions  in  the  experimental 
equipment  and  in  modified  Claus  sulfur  plants. 


2.4.2  Pore  Diffusion 

After  reaching  the  external  surface,  constituents  can  enter 
or  leave  catalyst  pores  by  one  or  a  combination  of  three  mechanisms, 
involving  ordinary  diffusion.  According  to  Sherwood  [96],  surface  dif¬ 
fusion  has  not  been  studied  extensively  and  available  data  [54,38] 
indicate  that  it  contributes  very  little  to  the  overall  transport  pro¬ 
cesses  through  a  porous  mass. 

Ordinary  gas  diffusion  occurs  in  pores  if  gas-gas  molecular 
collisions  predominate.  The  effective  diffusivity,  e^,  may  be 
employed  to  relate  the  mass  flux  to  the  total  cross-section  of  the 
porous  solid,  where 


D 


12,  eff 


0 


(2.37) 
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The  tortuosity  factor,  t,  is  roughly  1.5  to  2.0  for  unconsolidated 
particles,  but  may  be  considerably  larger  for  consolidated  porous 
media  such  as  typical  solid  catalysts. 

If  the  gas  density  is  low,  or  if  the  pores  are  very  small, 
or  both,  the  molecules  collide  with  the  pore  wall  much  more  frequently 
than  with  each  other.  Under  these  conditions,  Knudsen  diffusion  pre¬ 
dominates  and  the  criterion  for  Knudsen  diffusion  is  that  the  pore 
diameter  be  approximately  ten  times  smaller  than  the  mean  free  path 
of  the  gas  at  the  temperature  and  pressure  of  interest.  Satterfield 
and  Sherwood  [96]  give  the  Knudsen  diffusion  coefficient  as 

°K  eff  =  19,400  (t)  (S)  (pp)  ■  (2.38) 

From  a  practical  point  of  view,  one  would  like  to  have  a 
criterion  which  used  measured  values  of  reaction  rate,  effective  dif- 
fusivity,  reaction  order  and  so  forth  which  could  then  be  used  to 
discern  whether  a  reaction  is  operating  near  the  pore-diffusion  con¬ 
trolled  regime.  As  Peterson  points  out  [89],  it  is  important  to  know 
whether  measured  rate  data  represent  catalytic  kinetics  or  interaction 
between  catalytic  kinetic  and  mass  transport  phenomena.  Weisz  and 
Prater  [107]  developed  a  criterion  for  power  law  kinetics  however, 
Peterson  [88]  showed  that  it  was  much  too  liberal  when  applied  to  re¬ 
actions  which  possessed  strong  product  inhibition.  Peterson  [87] 
offered  a  criterion  which  resulted  from  an  asymptotic  solution  of  the 
partial  differential  equations  which  describe  the  conservation  of  mass 
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and  energy  for  the  reaction  system.  However,  the  derivation  for  a 
specific  case  is  rather  complex.  Hudgins  [50]  developed  a  solution 
to  this  problem  by  a  method  similar  to  that  of  Anderson  [1], 

The  development  of  the  criterion  for  absence  of  diffusion 
control  which  Hudgins  suggested  is  now  described.  The  Taylor  ex¬ 
pansion  for  the  rate  about  an  external  concentration  of  reactant  is. 


r(C)  =  r(C0)  +  (C-C0)r'(C0)  +  (C-CQ)2 


(2.39) 


2! 


in  which  he  ignored  second  order  and  higher  terms.  He  then  assumed 
that  the  concentration  profile  inside  the  catalyst  particle  could  be 
approximated  by 


c  -  C0  =  r{ x2- i ) 


(2.40) 


where  x  =  C/C^.  Substituting  Equation  (2.40)  into  (2.39)  and  inte¬ 
grating  over  the  sphere  he  obtained. 


r 1  (C  ) 

rQ  |  [1  +  r(x-l)  4ttx2  dx  »  (2.41) 


which  after  rearrangement  led  to. 


(2.42) 


where  r  is  the  overall  rate  and  r^  is  the  rate  corresponding  to  Cq. 


.  , 
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In  order  to  have  the  overall  rate,  r,  approximately  equal  to  the  rate 
obtained  if  the  particle  were  completely  accessible  to  C^,  the  final 
term  of  Equation  (2.42)  must  be  small,  and  Hudgins  suggested  0.05  for 
its  maximum  value.  Therefore, 

2  r'(Cn) 

|  r['r(0_]  <  0,05  •  (2.43) 

A  steady  state  mass  balance  on  the  sphere  gave. 


rV  ■  s  D  §H  ,  ,  •  (2-44> 

P  =pQ 

The  concentration  gradient  at  the  surface  was  evaluated  from  Equation 
(2.40)  and,  since  S/V  =  3/p^'  for  a  sphere, 

f  p  .2 

— =  6r  .  (2.45) 


The  r  from  Equation  (2.45)  was  substituted  into  (2.43)  to  give. 


7  p  .2 
r  p0 

D 


<  0.75 


.'(Cq) 


(2.46) 


which  was  cleared  of  the  fraction  by  changing  0.75  to  1 .  On  this 
basis,  the  criterion  for  absence  of  diffusion  control  was  taken  as 


r«y 


r 


(2.47) 
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which  Hudgins  indicated  was  a  simple  generalization  of  the  Weisz-Prater 
crtierion. 

Hudgins'  criterion  has  been  used  in  Appendix  D  to  establish 
whether  or  not  diffusion  is  significant  in  the  Claus  reaction  catalyzed 
by  bauxite. 

2.5  Recycle  Reactors 

In  Section  1.3,  reasons  were  given  for  using  a  recycle  re¬ 
actor  to  study  the  Claus  reaction.  Perkins  and  Rase  [86]  have  dis¬ 
cussed  the  advantages  and  disadvantages  of  using  recycle  reactors  for 
kinetic  research  and  they  are  now  reviewed.  Advantages: 

(i)  Near  isothermal  conditions  exist  in  the  catalyst  bed.  Re¬ 
cycle  rates  ten  times  larger  than  fresh  feed  rates,  for 
instance,  would  give  one  tenth  of  the  temperature  rise 
which  would  occur  in  an  adiabatic  differential  reactor 
operating  with  the  same  overall  conversion. 

(ii)  High  recirculation  rates  permit  high  gas  velocities  past 
the  catalyst  without  the  use  of  excessive  quantities  of 
reactants.  Theoretically,  mass  transfer  could  be  enhanced 
until  even  for  very  rapid  reactions  the  bulk  mass  transfer 
rate  would  no  longer  influence  the  rate  of  reaction. 

(iii)  Low  conversions  per  pass  of  reactant  through  the  catalyst 
bed  can  be  accomplished  without  limiting  the  total  conver¬ 
sion  to  very  low  values,  which  would  introduce  errors 
through  analysis. 
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Disadvantages : 

( 1 )  An  excessive  time  period  may  be  required  for  such  a  system 
to  reach  steady  state  if  the  recycle  system  is  large. 

(ii)  Pressure  drop  may  be  higher  than  those  observed  in  ordinary 
differential  reactors . 

(iii)  One  should  use  a  continuous  method  of  analysis  for  such  a 
reactor.  In  addition  to  these  disadvantages,  this  author 
comments  that  it  may  in  some  cases  be  difficult  to  obtain 
a  reliable,  inert  recycle  pump. 

In  this  program,  at  least  six  months  were  spent  developing  and  build¬ 
ing  the  recycle  blower  which  is  described  later.  Another  advantage 
is  that  it  is  possible  to  obtain  direct  measurement  of  reaction  rates 
at  finite  levels  of  conversion  and,  as  previously  indicated,  at  near 
isothermal  conditions. 

Although  the  concept  of  the  recycle  reactor  was  first  pro¬ 
posed  by  Dohse  [26]  in  1930,  its  application  has  been  relatively  sparse 
in  kinetic  studies  until  recent  years.  However,  users  of  this  technique 
[9,20,65,86,100]  have  expressed  enthusiasm  for  it  as  a  research  tool. 

The  recycle  reactor  and  its  behaviour  will  now  be  reviewed. 

Consider  the  recirculation  reactor  in  Figure  2.3  where  a 
reactant  stream  of  fixed  composition  and  flow  rate  is  fed  to  the  re¬ 
actor  loop.  Let  the  conversion  of  the  selected  reactant  A  be  zero  at 
the  reactor  inlet,  just  before  the  catalyst  bed  and  just  after 
the  catalyst  bed.  Also,  assume  that  the  rate  of  reaction  is  the  same 
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WITHDRAWN 
FROM  LOOP, 
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FIGURE  2.3:  SKETCH  OF  A  RECYCLE  REACTOR 


I 


46 


at  all  points  in  the  catalyst  bed  for  a  specific  run. 

With  no  recycle,  X^  =  0.,  and  a  steady  state  material 
balance  gives. 


(“rA}aV 


Af 


W/F 


AO 


(2.48) 


where  (_r^)ay  is  measured  at  some  average  conversion,  i.e.  at  average 
reactant  concentration  values,  of  the  streams  entering  and  leaving  the 
catalytic  bed.  Thus  >  x ^  >  x^ .  Since  (X^-X^-j)  may  be  large, 
choosing  to  use  an  average  rate  may  lead  to  serious  error. 

Now  suppose  that  a  part  of  the  product  stream  is  recycled. 

As  the  recycle  rate  increases,  the  incoming  feed  is  mixed  with  more 
product  stream  causing  X^  to  approach  X^.  Thus  the  error  in  the 
assumption  of  a  constant  rate  decreases  accordingly.  So  at  high  re¬ 
cycle  ratios, 


("'VaV  ("rAh  W/F^0  ’  (2.49) 

where  the  rate  is  measured  at  the  exit  stream  conditions.  At  high 
recycle  rates,  this  type  of  reactor  may  properly  be  considered  to  be 
a  perfectly  mixed  backmix  reactor. 

The  validity  of  the  assumption  that  a  recycle  reactor  is 
in  fact  a  perfectly  mixed  backmix  reactor  can  be  assessed  by  con¬ 
sidering  its  residence  time  distribution.  Rippin  [93]  has  developed 
the  RTD  for  a  recycle  reactor  in  the  following  way.  The  time  for  a 
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single  passage  through  the  recycle  reactor  is: 


(1+R')Q  "  1+R 


(2.50) 


where  Vn  =  reactor  volume 


R'  =  recycle  flow  to  feed  flow  ratio 


Q  =  volumetric  flow  rate  of  feed 


6'  =  mean  residence  time,  VD/Q 


An  amount  QAt  of  material  entering  the  system  between  time  t  =  0  and 
At  will  reach  the  reactor  exit  at  time  0'/l+Rs.  But  a  fraction,  R'/l+R', 
is  returned  in  the  recycle  so  that  the  amount  leaving  the  system  with 
age  0'/l+R'  is  QAt/l+R'  and  the  fraction  of  material  in  the  outlet  with 
this  age  is  1/1+R'.  An  amount  of  recycle  material,  QAtR ' / 1+R 1 ,  passes 
through  the  reactor  again,  and,  on  reaching  the  reactor  exit  for  the 
second  time,  its  age  is  20/H+R.  The  fraction  of  the  original  material 
in  the  outlet  stream  is  now  1/1+R 1 (R1 /1+R1 ) .  After  i  passes  through 
the  reactor,  the  age  is  i 0/ 1 +Re  and  the  fraction  of  the  original  material 
in  the  exit  stream  is  1/1+R' (R'/l+R' )1-  .  The  RTD  will  thus  consist 
of  an  infinite  series  of  impulses  or  delta  functions  spaced  at  intervals 
of  0 ' / 1 +R '  and  whose  magnitude  decreases  as  a  geometric  series. 


(2.51) 


Rippin  then  points  out  that  for  large  R1,  the  RTD  reduces  to 
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that  for  a  CSTR:  1/0'  exp(-t/0'). 

Perkins  and  Rase  [86]  confirm  that  a  recycle  reactor  behaves 
as  a  backmix  reactor  when  R1 is  greater  than  10.  Zwietering  [111], 
points  out,  however,  that  a  knowledge  of  the  RTD  of  a  continuous  flow 
system  is  not  sufficient  for  the  description  of  the  state  of  mixing. 

He  introduced  the  concept  of'maximum  mixedness"  which  is  most  easily 
understood  by  regarding  the  state  of  maximum  mixedness  for  a  system  as 
that  state  for  which  the  mixing  model  reduces  to  the  nonsegregated 
condition.  Danckwerts  [19]  degree  of  segregation,  0,  is  the  ratio 
of  the  variance  of  ages  between  points  to  the  total  variance  of  ages 
in  the  reactor. 

Rippin  found  the  degree  of  segregation  for  a  recycle  re¬ 
actor  to  be: 


J  "  12  R'(l+R')  +  1  ’  (2.52) 

For  a  plug  flow  reactor,  R 1 =0  and  J=1  the  reactor  is  completely 
segregated.  For  the  recycle  reactor  with  R'very  large,  J  approaches 
zero  implying  complete  molecular  mixing.  Gillespie  and  Carberry  [68] 
indicate  that  the  mixing  state  of  the  recycle  reactor  reduces  to  the 
nonsegregated,  micro-mixedness  condition  as  R‘  is  increased  to  values 
above  20. 
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CHAPTER  III 

DETERMINATION  OF  EQUILIBRIUM  COMPOSITIONS 

3.1  Background 

When  a  chemical  reaction  is  being  studied,  it  is  desirable 
to  know  the  distribution  of  products  that  will  exist  at  thermodynamic 
equilibrium.  The  classical  approach  to  solving  this  problem  uses  the 
equilibrium  constant  method  however,  this  procedure  becomes  unwieldy 
when  many  chemical  reactions  occur  simultaneously.  Gamson  and  Elkins 
have  used  this  method  for  calculating  equilibrium  compositions  for  the 
Claus  Reaction  [35].  Several  techniques  for  determining  the  equilibrium 
composition  of  complex  system  reaction  systems  have  been  reviewed  by 
Zeleznik  and  Gordon  [110]. 

In  1958,  White  et  al  [108]  devised  a  method  for  calculating 
equilibrium  composition  by  minimizing  the  system  free  energy  using  a 
steepest  descent  technique.  The  free  energy  minimization  method  was 
extended  by  Kubert  and  Stephanov  [59]  to  include  not  only  gaseous  but 
also  condensed  phases.  In  1962,  Oliver  et  al  [83]  demonstrated  the 
method  applied  to  a  methane-water  reaction  system.  Since  the  free  energy 
minimization  method  has  been  used  in  this  study,  the  mathematics  of  the 
procedure  will  now  be  reviewed. 


. 
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3.2  Review  of  the  Free  Energy  Minimization  Method 

For  the  determination  of  equilibrium  composition,  the  only 
specie  property  needed  is  the  mol  a!  standard  (Gibbs)  free  energy 
function,  F/RT.  The  basic  assumption  of  the  method  requires  that  the 
gases  behave  ideally. 

The  total  free  energy  of  a  mixture  of  N  gaseous  components 
is  expressed  as 


F(X)  =  [  f.  .  (3.1) 

i=l  1 

The  free  energy  contributed  by  a  gaseous  specie  is  given  by 

fi  =  x^C^n  x-/30  »  (3.2) 

where,  =  i^f)  Hn  P  .  (3.3) 

The  determination  of  the  equilibrium  composition  requires 
finding  a  non-negative  set  of  mole  numbers,  X,  which  will  minimize  the 
total  free  energy  of  the  system,  F(X).  This  set  of  mole  numbers  must 
also  satisfy  mass  balance  considerations  so  that 


1  ajj  xi  bj  (j  -  l,2,.c.,M)  . 


(3.4) 


Let  Y  =  (y-j  ,y^ . y^)  be  an  initial  guess  for  the  mole 

numbers  of  the  gaseous  species  (x-j  ,x2 , . . .  ,x^) .  Choose  Y  such  that  it 
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is  a  positive  set  and  satisfies  the  mass  balance  constraints.  The 
free  energy  is 

N 

F(Y)  =  l  y^c-Hn  y./y)  (3.5) 

i=l  1  1  1 

N 

where  y  =  I  y_-  •  (3.6) 

i=l  1 

Let  A.  =  xi  -  y.  ;  A'  =  x  -  y 

An  expression,  Q(X),  is  obtained  as  an  approximation  for 
F(X),  the  minimum  free  energy,  by  using  a  Taylor  expansion  about  the 
initial  guess,  Y.  Using  this  expansion  technique,  and  substituting 
in  values  of  the  partial  derivatives  3F/3x. ,  the  following  expression 
can  be  obtained 


N  N  A.  2 

Q(X)  =  F(Y)  =  l  (c.+Jln  y  ./y)  A,  +  l  l  y^b1  -  =■]  .  (3.7) 

i=l  i=l  y 

In  order  to  find  a  better  approximation  to  the  desired  solu¬ 
tion,  Q ( X)  is  minimized  subject  to  the  mass  balance  constraints, 
Equation  (3.4).  First  it  is  necessary  to  define  G(X)  in  the  manner 


M 

G(X)  =  Q  ( X)  +  l  it  (b  - 

j=l  J  J 


N 

l 

i=l 


ij 


XP 


(3.8) 


where  the  tt.  are  Lagrange  multipliers. 


Then  set 
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9  (X).  =  o  i  =  1  2  N 

3X.  u  9  i  jt. , .  .  .  jiN 


The  change  in  free  energy  with  a  change  in  the  moles  of  the  gaseous 
species  becomes 


MX) 


x.  — 

1  X 


M 


3x 


^  =  [c1  +  M  (-4  +  M-  -  3  -  I  tt.  a..  =  0  .  (3.9) 

i  y  y  j=l  J  J 


Now,  solve  for  x.  in  Equation  (3.9) 


x 


y .  —  M 

i  =  -  y^c-nn  -3)  +  y,0  +  £  (7t,a,,)y, 

y  y  j=l  J  J 


(3.10) 


Summing  over  i  in  this  equation  gives 


M  N 

77 -•  l  a^y 

i=l 


1 

j=i 


j  ,“1  "iri 


n  y, 

I  y^  [cj+An  — ] 
i=l  1  1  y 


N 


Let 


jk  =  rkj  =  (aijaik)yi  J,k  =  1'2'-"*M 


(3.11) 


(3.12) 


Substitute  Equation  (3.10)  into  Equation  (3.4).  This  gives  M  equations 
which  together  with  Equation  (3.11)  give  M+l  linear  equations  in  the 
unknowns  tt-j  ,  tt^ ,  . .  ,ti^  and  x/y  as  follows: 


X. 

ot-,  (— )  +  r-|  -j  tt  -|  +  r  •,  +  ...  +  ~  b 


N 


V-'  1  'll  "1  12  2 

y 


'i +  T1  anfi 


. 


'  ^ 


i 
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+  r21u1  +  r22TT2  + 


r2M1TM 


=  b2  + 


l 


ai2fi 


(3.13) 


X 

( — )  +  rM1TTn  +  +  ...  +  rMMirM  =  bM  +  y  a.Mf. 

Mv— '  Mil  M2  2  MM  M  M  L  lM  l 

V 


CUTT,  ^  OC/^TT r\  ^  06|k «TT 

2  2  MM 


N 


where 


06. 


-  l 


a .  .y . 

i=i  ^  1 


To  find  the  new  values  of  the  's,  it  is  necessary  to  sub¬ 
stitute  the  values  of  the  a.'s,  3</y  and  yJs  into  Equation  (2 JO).  The 

J  1 

procedure  is  repeated  until  the  differences  between  subsequent  iterations 
are  small  enough  to  satisfy  some  arbitrary  convergence  criterion. 

If  the  computed  set  of  new  mole  numbers  x.  include  negative 
numbers,  the  computed  values  of  mole  numbers  are  not  used  in  the  next 
approximation.  It  is  desireable  that  the  species  not  be  negative  or 
zero.  The  method  of  eliminating  negative  species  is  arbitrary  within 
the  limitation  that  the  mass  balance  must  be  adhered  to.  One  such  way 
is  to  choose  A  so  that 


=  yi  +  A(x.-yi) 


i 


(3.14) 
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is  not  negative  or  zero.  For  y. 1  being  zero,  A  becomes 


A' 


Vyi 


(3.15) 


Therefore  A  is  set  to  some  fraction  (usually  ,99)  of  A'.  As  it  was 
previously  mentioned,  all  of  the  mole  numbers  must  be  greater  than 
zero  for  this  method  to  work. 


3.3  Applications  of  the  Free  Energy  Minimization  Method 

3.3.1  Comparison  with  Gamson  and  Elkins  Data 

A  computer  program  was  written  to  carry  out  the  free  energy 
minimization  calculations.  Good  agreement  was  noted  between  the  re¬ 
sults  from  this  method  and  those  from  Gamson  and  Elkins  [35]  for  the 
equilibrium  between  molecular  species  of  sulfur  at  various  temperatures 
using  the  same  free  energy  data  [55].  A  graph  indicating  the  distribu¬ 
tion  between  the  various  sulfur  species  Sg,  Sg  and  Sg  at  one  atmosphere 
pressure  is  shown  in  Figure  3.1,  and  the  program  output  from  which  the 
points  for  the  graph  were  obtained  is  in  Appendix  B.  Since  the  agree¬ 
ment  was  good,  the  method  was  used  for  determining  the  average  molecular 
weight  of  sulfur  vapor  in  the  recycle  reactor  which,  in  turn,  was  used 
to  calculate  the  mole  fraction  of  sulfur  in  the  reactor. 

The  free  energy  minimization  method  was  also  used  for  calcu¬ 
lating  the  equilibrium  conversion  of  HgS  and  SC^  to  sulfur  according 
to  the  following  definition  of  conversion: 

S  +  2S0  +  6SC  +  8S0 
_ 2 _ 6 _ 8 _ 

HgS  +  SOg  +  S  +  2S^  +  6Sg  +  8Sg 


Fractional  conversion  = 


MOLE  FRACTION 
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FIGURE  3.1:  CHEMICAL  EQUILIBRIUM  BETWEEN  SULFUR 

SPECIES  AT  ONE  ATMOSPHERE. 
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where  the  molecular  formulae  refer  to  the  mole  fraction  of  each  specie 
at  equilibrium.  A  slight  discrepancy  may  be  seen  between  this  work  and 
that  of  Garrison  and  Elkins  when  equilibrium  conversion  was  plotted  against 
temperature  as  seen  in  Figure  3,2,  The  difference  arises  from  the 
source  of  free  energy  data,  Gamson  used  the  data  of  Kelley  [55]  while 
that  of  McBride  et  al  [112]  was  used  in  this  work. 

The  program  output  for  Figure  3.2  is  given  in  Table  B.l, 
Appendix  B.  It  should  be  noted  in  this  table  that  only  very  minute 
quantities  of  hydrogen  could  be  formed  at  the  experimental  conditions 
employed  by  Cormode  [15]  in  his  kinetic  study  and  so,  the  observation 
that  hydrogen  sulfide  may  form  both  hydrogen  and  sulfur  is  thermo¬ 
dynamically  unlikely. 

3.3.2  Analysis  of  Miscellaneous  Sulfur  Plant  Reactions 

The  literature  survey  indicated  that  a  large  number  of  re¬ 
actions  are  taking  place  in  sulfur  plants.  Some  of  these  reactions 
have  been  analysed  for  thermodynamic  equilibrium  conditions  and  the 
results  of  the  analysis  are  presented  in  Table  3,1,  All  of  the  studies 
were  conducted  at  a  total  pressure  of  one  atmosphere  and  stoichiometric 
ratios  of  reactants  diluted  with  nitrogen.  The  computer  output  for 
the  four  temperatures  shown  in  Table  3.1  as  well  as  the  results  for 
intermediate  temperatures  is  given  in  Appendix  B  in  Tables  B-3  to  B-ll. 

The  results  shown  in  Table  3.1  indicate  that  it  is  possible 
to  remove  almost  all  of  the  COS  and  CS^  from  sulfur  plant  tail  gas 
streams  according  to  the  first  four  reactions.  Table  3,1  also  shows 
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TEMPERATURE  (DEGREES  KELVIN) 


FIGURE  3.2:  CLAUS  REACTION  EQUILIBRIUM  CONVERSION 

VERSUS  TEMPERATURE 
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the  reactions  through  which  COS  and  CS^  can  be  formed .  Since  COS  and 
CS^  emission  from  sulfur  plants  accounts  for  approximately  one-third 
of  the  sulfur  loss,  and  since  it  is  thermodynamically  possible  to  re¬ 
move  98-100%  of  the  COS  and  CS^,  it  is  suggested  that  a  search  for  an 
effective  catalyst  for  any  of  the  first  four  reactions  in  Table  3,1 
would  have  considerable  merit.  It  is  further  suggested  that  bauxite 
catalyst  does  not  promote  any  of  the  first  four  reactions  to  the  ex¬ 
tent  required  for  effectively  removing  COS  or  CS^. 
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CHAPTER  IV 

DESCRIPTION  OF  EXPERIMENTAL  EQUIPMENT 

4.1  Feed  Preparation  and  Metering  System 

The  feed  system  was  designed  so  that  it  would  be  possible  to 
supply  the  reactor  with  a  gas  stream  of  constant  flow  rate  and  com¬ 
position  over  long  periods  of  time.  Also  it  was  considered  desirable 
to  be  able  to  change  the  feedstream  flow  rate  to  the  reactor  and  still 
have  the  composition  remain  constant.  These  primary  objectives  exerted 
considerable  influence  on  the  selection  and  configuration  of  equipment 
shown  in  Figure  4.1. 

Each  gas  bottle  was  equipped  with  its  own  pressure  regulator, 
and,  in  the  case  of  nitrogen,  a  second  regulator  was  placed  in  series 
with  the  first.  This  was  done  to  improve  the  control  of  nitrogen 
pressure  upstream  of  the  flow  controller,  since,  as  the  bottle  contents 
depleted,  the  bottle  pressure  dropped. 

Calcium  sulfate,  packed  in  500  cu  cm  stainless  steel  cylinders, 
was  used  as  a  drying  agent  for  and  H^S.  Silica  gel  was  used  for 
drying  SO^.  This  was  done  to  prevent  reaction  in  the  feed  system 
since  H^S  and  SO^  readily  react  with  one  another  in  the  presence  of 
water. 

Glass  rotameters  with  stainless  steel  balls  were  used  to 
measure  the  magnitude  of  each  gas  stream  flow  rate.  The  flow  rate  of 
each  gas  stream  was  set  manually  and  controlled  by  the  diaphragm  flow 


-*  3  bns  sJs'i  woH  fc>  «mii  *  rtfrw  «§*  YrW 


' 

■ 


■ 


' 


61 


Z 

2 

UJ 

o 

Qd 

3 

oo 


CO 

UJ  Qd 


>- 

or 

Q 


or 

O 

i— 

u 

< 


Cd 


U 

O' 

< 

UJ 

to 

UJ 

c* 


O 


< 

Qd 

o 

< 


£ 

o 


u 

h- 

< 


x 

u 

to 


rv 


62 

controllers  depicted  in  Figure  4.2.  All  of  the  process  lines  were 
stainless  steel  316. 

The  particular  constant  di fferential -type  flow-controller 
which  was  used  required  that  the  upstream  pressure  remain  constant. 

A  constant  flow  of  gas  is  maintained  through  the  external  needle  valve 
by  maintaining  a  constant  pressure  drop  across  it.  The  differential 
applied  to  the  valve  is  determined  by  the  spring  loaded  diaphragm  in 
the  controller.  This  diaphragm  determines  the  action  of  valve  plunger 
to  automatically  control  the  flow  of  gas  through  the  needle  valve  at 
the  required  rate.  A  feedback  line  connected  from  the  upstream  side 
of  the  needle  valve  to  the  top  of  the  controller  holds  the  differential 
pressure  across  the  valve  and  diaphragm  at  the  same  value.  Since  the 
differential  across  the  diaphragm  is  maintained  constant  by  the  loading 
spring,  it  follows  that  the  differential  across  the  needle  valve  is 
constant.  This  needle  valve  required  sixteen  turns  from  closed  to  full 
open. 

The  mixing  of  different  gases  is  not  generally  considered  a 
difficult  operation,  and  a  simple  mixing  venturi  was  designed  and  fabri¬ 
cated  for  blending  the  three  constituents  of  the  feeds tream.  This  is 
shown  in  Figure  4.3. 

A  small  portion  (approximately  20  cu  cm  per  minute)  of  the 
feedstream  is  continuously  vented  to  the  gas  chromatograph  for  analysis. 
Also  another  fraction  of  the  feedstream  is  vented  through  the  back 
pressure  controller.  The  size  of  this  fraction  depends  on  the  required 
amount  of  the  feedstream  being  sent  to  the  reactor.  The  equipment  is 
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FIGURE  4.2:  CONSTANT  DIFFERENTIAL  TYPE  FLOW  CONTROLLER 
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FIGURE  4.3:  MIXING  VENTURI 
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operated  so  that  the  sum  of  the  two  flow  rates  is  held  constant  over 
a  series  of  runs  in  which  the  flow-rate  of  the  feedstream  is  varied. 

The  feedrate  was  calculated  from  the  measurements  of  tempera¬ 
ture  and  pressure  taken  from  the  thermocouple,  absolute  pressure  trans¬ 
ducer  and  differential  pressure  cell  shown  in  Figure  4.1,  The  flow 
rate  was  controlled  by  the  Foxboro  control  valve.  A  500  cu  cm  surge 
tank  was  inserted  between  the  control  valve  and  the  D/P  cell  to  provide 
some  capacitance  in  the  control  loop. 

4.2  Feed  and  Product  Analysis 

Both  the  feed  and  the  product  streams  of  the  reactor  were 
analysed  using  a  process  gas  chromatograph.  A  small  fraction  of  both 
streams  was  continuously  fed  to  a  stream  selector  valve  located  inside 
the  chromatograph's  heated  compartment.  Peripheral  valving  could  be 
adjusted  so  that  no  back  pressure  change  would  take  place  in  either 
stream  when  the  selector  valve  position  was  changed.  The  stream  selector 
valve  flow  configuration  is  shown  in  Figure  4,4.  Valve  A  which  may  be 
called  the  feed  sample  throttling  valve  can  be  adjusted  to  match  the 
pressure  drop  which  the  flowing  stream  undergoes  across  the  reactor 
and  the  sulphur  condenser.  Hence  when  the  selector  valve  position  is 
changed,  the  pressure  of  the  sample  in  the  sample  loop  remains  the  same. 
Valves  B  and  C  are  set  to  match  the  pressure  drop  between  the  stream 
selector  valve  and  the  discharge  of  the  sample  loop  in  the  sampling 
valve.  This  discharge  passes  through  a  valve  (for  sample  pressure 
control)  and  into  the  vent  manifold.  Thus  by  setting  B  and  C  to  cause 
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FIGURE  4.4:  STREAM  SELECTOR  VALVE 
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the  appropriate  pressure  drop,  the  stream  selector  valve  position  can 
be  changed  without  upsetting  steady  state  flow  conditions  in  either 
the  feeds tream  or  the  product  stream.  The  setting  of  these  valves  is 
arrived  at  experimentally. 

An  oven,  shown  in  Figure  4.5,  was  fabricated  to  house  the 
sampling  valve,  backflush  valve,  stream  selector  valve  and  thermal  con¬ 
ductivity  detector  of  the  gas  chromatograph.  Heated  air  inside  this 
compartment  was  circulated  by  means  of  a  four  inch  diameter  fan  and 
its  temperature  was  controlled  by  a  Honeywell  R7161  proportional  plus 
reset  temperature  controller. 

A  Beckman  model  320  process  chromatograph  programmer  supplied 
the  four-filament  thermal  conductivity  detector  with  power  and  con¬ 
trolled  the  operations  of  the  chromatograph:  sampling,  backflushing 
and  change  of  output  signal  attenuation.  The  control  of  these  operations 
is  implemented  by  means  of  a  cam  and  microswitch  system  depicted  in 
Figure  4.6.  When  a  micro  switch  falls  into  the  slot  on  its  cam,  its 
position  is  changed  (open  or  closed)  and  its  control  action  is  carried 
out.  The  output  signal  of  the  detector  was  usually  monitored  by  a  Sargent 
model  SR  millivolt  recorder. 

A  dual  column  arrangement  was  provided  whereby  the  first 
column  could  be  backflushed  while  forward  flow  was  maintained  in  the 
second  column.  This  arrangement  was  necessary  so  that  water,  a  reaction 
product,  could  be  trapped  in  the  first  column  and  subsequently  removed 
during  an  analysis  cycle.  The  columns  which  were  used  and  the  operating 
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1  Thermocouple 

2  Six  Port  Valve 

3  Fan  Motor 

4  Asbestos  Insulation 

5  Fibreglass  Insulation 

6  Dead  Air  Space 

7  Strip  Heaters 

8  Thermal  conductivity  cell 

FIGURE  4.5:  GAS  CHROMATOGRAPH  OVEN 
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FIGURE  4.6:  GAS  CHROMATOGRAPH  CONTROL  CAM  SYSTEM 
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conditions  of  the  chromatograph  are  given  in  Figure  4.7,  a  sample 
chromatogram.  It  is  notable  in  this  diagram  that  the  areas  of  the 
•component  peaks  are  obtained  by  the  number  of  deflections  made  by 
the  arm  of  the  disk  integrator.  The  repeatability  of  this  device  is 
demonstrated  on  four  nitrogen  peaks  in  a  row  shown  in  Figure  4.8. 

Sample  size  was  held  constant  and,  as  indicated,  the  area  remained 
constant  at  99  counts. 

A  number  of  ways  have  been  suggested  in  the  literature 
for  analyzing  for  hydrogen  sulfide  and  sulfur  dioxide  mixtures  using 
gas  chromatography.  A  complete  separation  of  air,  H^S,  SO^  and  A  has 
been  reported  by  Obermiller  [81]  using  Poropak  Q  in  a  novel  dual 
column  arrangement.  A  similar  separation  has  been  shown  [4]  to  be 
possible  using  two  columns;  one  four  foot  column  packed  with  15%  Ucon 
on  40/60  mesh  Teflon  T-6  and  the  second  a  composite  column  of  5  feet 
of  Chromosorb  P  followed  by  7  feet  of  molecular  seive  13X.  Beckman 
recommends  the  use  of  polyethylene  glycol  15%  by  weight  on  acid  washed 
chromosorb  G  in  a  20  foot  column.  Silica  gel  [33]  has  also  been  success¬ 
fully  used  for  the  separation  of  air,  CO^,  COS,  H^S,  CS^  and  SO^  mixtures. 

All  of  the  above  methods  appear  satisfactory  in  the  figures 
depicted  in  the  respective  articles.  The  polyethylene  glycol -chromasorb 
G  column  combined  with  a  silica  gel  column  used  in  this  work  provided 
chromatograms  with  much  less  tailing  on  the  SO^  peak  than  the  method  re¬ 
commended  by  Beckmann. 
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Column  I 

Column  II 

Regulator 

Pressure 

Flow  Rate 
Temperature 
Current 
Chart  Speed 
Sample  Size 
Attenuation 


1  ft.  15%  by  Wt.  Polyethylene  Glycol  15/200 
on  30/42  Mesh  Teflon  T-6  (HP) 

8  in.  Mesh  Silica  Gel 

20  PSIG 

400  cc/min;  Reference,  Detector  and  Backflush 
100°  C;  Column  and  Detector 
350  Milliamperes 
1.0  in. /min. 

5.0  CC 
As  Noted 


Disk  Integrator  Results 


FIGURE  4.7:  SAMPLE  CHROMATOGRAM 
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FIGURE  4.8:  REPEATABILITY  OF  CHROMATOGRAM  AREA 
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4.3  Fluidized  Sand  in  Air  Bath 

After  passing  the  air  through  a  Webster  Auto  Drain  air  filter 
to  remove  water  and  oil,  it  was  heated  in  both  6  kilowatt  and  3  kilo¬ 
watt  Chroma! ox  immersion  heaters.  The  first  heater  was  equipped  with 
a  Chromalox  AR-5514  on/off  thermostat  and  the  air  temperature  leaving 
the  second  heater  was  controlled  by  a  Honeywell  type  R7161  proportional 
plus  reset  temperature  controller.  This  preheated  air  was  admitted 
to  the  fluidized  bath  through  a  porous  bronze  disk  located  below  the 
base  of  the  recycle  pump. 

The  fluidized  bath,  depicted  in  Figure  4.9,  contained  the 
recycle  pump,  recycle  loop,  reactor  and  the  temperature  and  pressure 
measuring  elements  necessary  for  taking  data.  It  was  made  from  10 
inch  schedule  40  pipe  and  flange  mounted  to  the  reactor  stand.  The 
top  section  could  be  raised  and  lowered  using  an  American  Power  Pull 
hand  winch.  The  overall  height  of  the  bath  was  18  inches  and  the  top 
section  was  15  inches. 

As  a  final  heat  source,  12  cross  section  curving  strip  heaters 
were  bolted  longitudinally  to  the  top  section  of  the  bath.  This  1.5 
kilowatt  energy  source  provided  even  heating  around  the  circumference 
of  the  bed  and  was  controlled  by  a  Foxboro  625M  temperature  controller 
with  proportional,  reset  and  derivative  action. 

An  easily  removeable  2  inch  thick  asbestos  sheath  enclosed 
the  fluidized  bath.  Conductive  heat  losses  from  the  base  of  the  bath 
were  reduced  by  drilling  1/2  inch  diameter  holes  through  the  reactor 
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KEY  FOR  FIGURE 


^ - (T) 


1  Winch  Cable 

2  Cyclone 

3  Teflon  Seated  Ball  Valve 

4  Reactor  Bed 

5  Bellows  Valve 

6  Pressure  Transducer 

7  Recycle  Pump 

8  Asbestos  Sheath 

9  Strip  Heater 

10  Schedule  40  Pipe  -  Top  Section  of  Bath 

11  Reactor  Feed  Preheat  Coil 

12  Schedule  40  Pipe  -  Top  Section  of  Bath 

13  1/2  inch  Hole 

14  Reactor  Feed  Inlet 

15  Porous  Bronze  Plate 

16  Fluidizing  Air  Inlet 

17  Reactor  Product  Stream 
Thermocouple  Locations 


FIGURE  4.9:  SCHEMATIC  LAYOUT  OF  FLUIDIZED  BATH 
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stand  around  the  circumference  of  the  fluidized  bath. 

Air  left  the  fluidized  bath  through  a  cyclone  which  was  de¬ 
signed  to  knock  out  entrained  sand  and  return  it  to  the  bath.  Flow 
was  restricted  between  the  bottom  of  the  cyclone  and  the  bath  by  a 
1  inch  teflon  seated  Crane  ball  valve. 

To  permit  the  addition  of  water  vapor  to  the  reactor  feed- 
stream,  a  "T"  was  installed  just  after  the  feed  preheat  coil  as  shown 
in  Figure  4.9.  Distilled  water  was  supplied  at  accurately  measured 
and  constant  rates  by  a  100  cu  cm  syringe  microfeeder  driven  by  a 
synchronous  motor.  This  apparatus  was  fabricated  in  the  department 
shop  and  is  described  elsewhere  [51].  The  liquid  water  was  passed 
through  an  18  in.  long  coil  which  was  situated  in  the  fluidized  bath 
and  connected  to  the  above-mentioned  "T" .  This  coil  vaporized  the 
water  so  that  steam  was  mixed  with  the  reactor  feedstream. 

4.4  Recycle  Loop  and  Reactor 

A  colour  photograph  of  the  recycle  reactor  is  shown  in  Figure 
4.10  where  it  is  apparent  that  the  recycle  loop  is  1/2  inch  diameter 
stainless  steel  316  tube.  All  of  the  Swagelok  fittings  were  lubricated 
with  an  antiseizing  compound  called  "Silver  Goop"  manufactured  by  the 
Crawford  Fitting  Company.  This  antiseizing  compound  reduced  the  "weld¬ 
ing  action"  of  fittings  while  they  were  exposed  to  high  temperatures 
for  extended  periods  of  time. 

At  the  top  of  the  recycle  loop  is  a  bellows  valve  constructed 
entirely  from  stainless  steel  316.  This  Nupro  valve  was  included  in  the 
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FIGURE  4.10:  PHOTOGRAPH  OF  RECYCLE  REACTOR 
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loop  to  provide  some  load  for  the  sliding  vane  compressor.  While  ob¬ 
taining  the  performance  curve  for  the  recycle  pump,  it  was  found  that 
considerable  "chatter"  of  the  vanes  would  result  with  the  unloaded 
pump  in  the  recycle  mode. 

The  reactor  assembly,  depicted  in  Figure  4.11,  was  also 
fabricated  from  stainless  steel  316.  The  4.5  inch  long  reactor  tube 
was  threaded  at  each  end  to  accommodate  Swage! ok  nuts  and  ferrules. 

At  the  top,  the  inside  diameter  was  bored  so  that  a  1/2  inch  tube 
could  slide  into  it  for  two  inches.  The  reactor  "basket"  slides  into 
this  area  and  is  secured  in  place  by  the  1/2  inch  tubing  which  is 
attached  to  the  reactor  tube  using  a  Swagelok  nut  and  ferrules. 

This  basket  is  easily  removeable  for  changing  catalyst.  It 
is  3/4  of  an  inch  long  and  at  the  bottom  a  thermocouple  guide  has  been 
press-fitted  into  the  walls  of  the  basket.  The  guide  holds  the  thermo¬ 
couple  in  the  centre  of  the  catalyst  bed  and  also  supports  the  200  mesh 
stainless  steel  screening. 

When  a  catalyst  charge  is  made,  a  mixture  of  1/16  inch  and 
1/64  inch  diameter  stainless  steel  balls  are  placed  on  top  of  the 
screen  to  such  a  depth  that  the  end  of  the  thermocouple  will  be  in  the 
centre  of  the  catalyst  bed.  The  catalyst  is  then  poured  in  and  then 
a  3/16  inch  layer  of  these  balls  is  placed  above  the  catalyst  bed. 

The  purpose  of  these  balls  is  to  enhance  heat  transfer  from  the  catalyst 
bed. 

A  thick-walled  section  of  stainless  steel,  located  below  the 
reactor  tube,  was  fabricated  to  secure  the  pressure  transducer  and 
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FIGURE  4.11:  REACTOR  ASSEMBLY 
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Swagelok  fittings  to  the  recycle  loop.  As  indicated  in  Figure  4.11, 
the  fittings  seal  the  reactor  bed  thermocouple  and  the  reactor  product 
line.  The  inside  diameter  of  this  unit  is  the  same  as  that  for  1/2 
inch  tubing,  and  at  the  top  the  outside  diameter  is  the  same  as  well. 
Hence  it  could  be  fitted  to  the  reactor  tube  using  the  conventional 
nut  and  ferrules.  Another  thermocouple  guide  was  press  fitted  into 
the  top  of  this  device  and  stainless  steel  screening  was  secured  to 
this  guide.  This  was  done  to  prevent  catalyst  pellets  from  falling 
into  the  recycle  loop  when  the  catalyst  bed  was  changed.  There  was 
a  possibility  that  a  pellet  could  fall  through  the  hole  for  the  thermo¬ 
couple  when  a  charged  reaction  tube  was  removed  from  the  loop. 

4.5  Recirculation  Pump 

A  sliding  vane  compressor  was  built  in  the  department  for 
use  as  the  recycle  pump.  Stainless  steel  316  and  graphite  are  the 
only  materials  of  construction  exposed  to  the  process  stream.  Com¬ 
pletely  oil  and  grease  free,  this  unit  was  designed  to  operate  at 
temperatures  as  high  as  800  degrees  Fahrenheit. 

The  rotor,  sliding  vanes  and  shaft  are  the  only  moving  parts 
in  the  pump  body.  Centrifugal  force  holds  the  vanes  tightly  against 
the  housing  for  a  uniform  efficient  seal  as  shown  in  Figure  4.12.  The 
direction  of  rotation  of  the  rotor  is  indicated  by  the  curved  arrow 
drawn  in  the  pump  cavity. 

When  the  compressor  is  operating,  gas  is  drawn  in  through 
the  suction  port  and  passes  through  the  suction  channel.  This  channel 
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was  milled  into  the  end  plate  and  tapers  from  a  depth  of  0.000  inches 
at  the  shallow  end  to  0.375  inches  at  the  deep  end.  The  straight 
line  drawn  across  the  suction  channel  marks  the  end  of  the  taper  at 
a  depth  of  0.375  inches.  The  discharge  channel  was  milled  uniformly 
also  to  a  depth  of  0.375  inches  into  the  0.500  inch  thick  end  plate. 

As  depicted  in  Figure  4.12,  sliding  vanes  A  and  B  are 
drawing  gas  in  through  the  suction  channel.  Vane  C  has  just  terminated 
drawing  gas  into  the  pump  cavity  (14)  and  the  leading  edge  of  vane  B 
will  start  to  compress  this  gas  as  it  approaches  the  discharge  channel. 
The  leading  edge  of  vane  C  is  forcing  gas  out  of  the  discharge  port 
while  vane  D  is  providing  a  seal  to  prevent  gas  leakage  from  the  dis¬ 
charge  side  through  to  the  suction  side  of  the  compressor. 

When  assembled,  the  clearance  between  the  rotor  and  the  end 
plates  is  0.005  inches.  The  rotor  was  tightly  secured  to  the  drive 
shaft  by  two  set  screws  and  a  key  inserted  into  keyways  on  the  rotor 
and  shaft.  By  using  the  two  ball  bearings  below  the  water  cooled 
seal  (Figure  4.13)  as  thrust  bearings,  the  vertical  position  of  the 
shaft  was  held  steady. 

Although  not  apparent  in  Figure  4,13,  the  compressor  body 
is  mounted  on  the  reactor  stand  in  the  centre  of  the  fluidized  bath 
near  the  bottom.  Preheated  air  is  admitted  to  the  bath  from  below 
the  reactor  stand  and  up  through  the  sintered  bronze  ring  located 
below  the  pump  body.  This  arrangement  was  chosen  in  order  that  the 
recycle  pump  be  close  to  the  main  heat  source  of  the  bath.  It  is 
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KEY  FOR  FIGURE 

1  End  Plate 

2  Pump  Discharge  Channel 

3  Graphite  Bearing  Housing 

4  Bolt  Hole 

5  Pump  Suction  Channel  (deep  end) 

6  Pump  Suction 

7  Pump  Suction  Port 

8  Rotor 

9  Vane  Slot 

10  Drive  Shaft 

11  Pump  Discharge 

12  Sliding  Vane  (A) 

13  Pump  Body 

14  Pump  Cavity 


FIGURE  4.12:  RECYCLE  PUMP  BODY  AND  END  PLATE 
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KEY  FOR  FIGURE 


1  Allen  Nut 

2  Graphite  Bearing 

3  Pump  Rotor 

4  Pump  End  Plate 

5  Pump  Body 

6  Aluminium  Wedge  Ring 

7  Shaft  Housing 

8  Pump  Shaft 

9  Porous  Bronze  Plate 

10  Preheated  Air  Inlet 

11  Reactor  Stand 

12  Asbestos  Gasket 

13  Water  Cooled  Shaft  Seal 

14  Bearing  Housing 

15  Thrust  Bearing 

16  V-Belt  Pulley 

17  Thrust  Ring 

18  Tie  Bar 

19  Sleeve  Ring 

20  Vane  Slot 


FIGURE  4.13:  SECTION  A-A  OF  PUMP  ASSEMBLY 
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important  that  sulfur  not  condense  in  the  compressor  while  operating, 
otherwise  considerable  damage  would  result  to  the  vanes  and  pump  body 
surfaces o 

This  design  eliminated  the  leakage  problem.  The  pump  body 
and  end  plates  were  ground  to  an  optically  smooth  condition  at  the 
contact  faces  and  eight  uniformly  tightened  alien  nuts  provided  suffi¬ 
cient  interfacial  pressure  to  form  a  good  seal.  Possible  leaks  be¬ 
tween  the  shaft  housing  and  the  bottom  end  plate  of  the  pump  were 
prevented  by  using  an  aluminium  wedge  gasket.  Since  aluminium  has  a 
higher  thermal  coefficient  of  cubical  expansion  than  stainless  steel, 
the  seal  became  tighter  as  the  pump  assembly  was  heated  up.  A  John 
Crane  type  8B1  water-cooled  mechanical  seal  averted  gas  leakage  around 
the  drive  shaft.  An  asbestos  gasket  was  used  to  avoid  leakage  between 
the  base  of  the  shaft  housing  and  the  Crane  seal. 

The  Crane  seal,  shown  in  Figure  4.14,  performed  very  well 
throughout  the  program.  Cooling  water  was  filtered  by  a  Nupro  4FR 
inline  filter,  and  temperature  and  pressure  indicators  were  installed 
on  the  drain  line.  Water  flow  rate  was  set  manually  by  adjusting 
valves  before  and  after  the  mechanical  seal.  The  exit  water  flow 
rate  was  maintained  at  roughly  70  degrees  Fahrenheit  and  the  water 
pressure  held  to  a  level  slightly  below  the  reactor  pressure.  A 
Honeywell  pressuretrol  type  L404B  adjustable  pressure  switch  was  added 
to  the  cooling  water  inlet  line  to  cut  power  from  the  pump  motor  if  the 
filter  plugged  or  the  water  stopped  flowing  to  the  seal.  The  configu- 
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FIGURE  4.14:  WATER  COOLED  SHAFT  SEAL 
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ration  of  these  protective  devices  is  shown  in  Figure  4.15. 

A  one  horsepower  variable  speed  motor  (Reliance  type  DM)  was 
used  to  drive  the  pump.  Power  was  transmitted  between  the  motor  and 
the  pump  by  means  of  a  V-belt.  Circuit  breakers  were  located  in  the 
motor  starting  switch  and  in  the  variable  speed  drive  unit  to  prevent 
damage  which  could  be  caused  by  electrically  overloading  the  system. 

Performance  curves  were  obtained  for  the  recycle  pump  both  in 
the  recycle  mode  and  with  the  discharge  vented  to  the  atmosphere. 

A  dry  test  meter,  manometer,  stopwatch  and  thermometer  provided  the 
necessary  data  to  determine  flow  rate  corrected  to  standard  cubic 
feet  per  minute.  The  performance  data  is  tabulated  in  Table  4.1  and 
the  curves  are  depicted  in  Figure  4.16.  The  pressure  on  the  pump  dis¬ 
charge  was  not  varied  since  it  was  felt  that  the  reactor  recycle  loop 
including  the  catalyst  bed  would  offer  less  resistance  to  flow  than 
the  dry  test  meter  which  was  used  in  this  test. 

4.6  Sulfur  and  Water  Condensers 

The  product  stream  from  the  reactor  passes  through  the  stain¬ 
less  steel  316  sulfur  condenser  shown  in  Figure  4.17.  This  device  was 
wound  with  ni chrome  wire  which  provided  the  heat  source  to  maintain  the 
condenser  temperature  above  the  dew  point  of  water  and  below  that  of 
sulfur.  To  prevent  carryover  of  sulfur  into  the  gas  chromatograph  or 
into  the  vent  line,  twenty  stainless  steel  baffles  were  added  to  the 
condenser  as  indicated. 

Since  stainless  steel  tends  to  lose  the  alloy  properties  which 
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KEY:  1  Crane  Seal 

2  Dial  Thermometer 

3  Pressure  Gauge 

4  Outlet  Valve 

5  Pressure  Switch 

6  Nupro  Filter 

7  Cooling  Water  Inlet  Valve 


FIGURE  4.15:  PERIPHERAL  ACCESSORIES  FOR  CRANE  SEAL 
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FIGURE  4.16:  PERFORMANCE  CURVES  FOR  RECIRCULATION  PUMP 
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Table  4.1 

Performance  Data  for  Recycle  Pump 


Dial  Open  Flow  Mode  Recycle  Flow  Mode 


Reading 

Time 

Head 

Flow  Rate 

Time 

Head 

Flow  Rate 

4.0 

1.167 

0,8 

3.14 

5.0 

0,919 

1.2 

4.02 

1.292 

1.8 

2.88 

6,0 

0,750 

1.7 

4.95 

1.073 

2.0 

3.48 

7.0 

0.632 

2,3 

5.92 

0.894 

2,4 

4.20 

8.0 

0.533 

3.5 

7,15 

0.800 

3.1 

4.73 

9.0 

0.463 

5.4 

8.43 

0.770 

3.7 

4.96 

Atmospheric  Pressure  706,2  millimeters  of  mercury 

Atmospheric  Temperature  72.0  degrees  Fahrenheit 

Time  -  number  of  minutes  elapsed  for  the  flow  of  four  cubic 
feet  of  air  through  the  dry  test  meter. 

Head  -  static  pressure  in  centimeters  of  mercury  at  the  entrance 
of  the  dry  test  meter. 

Flow  Rate  -  standard  cubic  feet  per  minute. 
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prevent  corrosion  where  it  has  been  welded,  the  baffle  plates  were  not 
welded  to  the  central  spacer  bar,  but  secured  as  shown  in  Figure  4,17. 
Similarly,  the  flange  plates  at  the  ends  of  the  condenser  were  welded 
from  the  outside.  This  precaution  was  taken  with  all  of  the  fabricated 
pieces  of  the  equipment. 

It  has  been  pointed  out  [13]  that  H^S  and  S02  react  together 
in  the  presence  of  liquid  water,  and  thus  it  was  necessary  to  maintain 
the  sulfur  condenser  above  the  water  dew-point.  To  avoid  sulfur  plug¬ 
ging  problems  in  the  condenser  vent  line  which  would  result  from  this 
reaction,  a  glass  water  condenser  was  included  as  depicted  in  Figure 
4.17.  Here,  the  water  reaction  product  was  condensed  on  glass  wool 
prior  to  venting  the  product  stream. 

4 . 7  Process  Measurements 

All  temperatures  were  measured  by  stainless  steel  shielded 
iron  constantan  thermocouples.  The  seven  thermocouples  which  were  moni¬ 
tored  were  situated  in  the  following  areas;  catalyst  bed,  reactor  wall, 
fluidized  bath,  two  in  the  sulfur  condenser,  gas  chromatograph  and  the 
reactor  feed  line.  Figures  4.1,  4,8  and  4.10  clearly  indicate  their 
location. 

The  millivolt  signal  from  the  thermocouples  was  adjusted  by 
an  Acromag  model  323  electronic  0:C  reference  and  then  measured  by  a 
Honeywell  24  point  Electronik  16  millivolt  recorder.  The  recorder  was 
equipped  with  an  integral  solid  state  calibrator,  chart  span  selector 
(5  millivolts  to  5000  millivolt  span)  arid  a  millivolt  suppression  unit 
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FIGURE  4.17:  SULFUR  AND  WATER  CONDENSER 


with  a  range  of  0  to  10,000  millivolts. 

The  accuracy  of  the  recorder,  which  was  usually  run  with  a 
5  millivolt  span,  was  regularly  checked  with  the  integral  calibrator 
and  a  Leeds  and  Northrup  model  8686  millivolt  potentiometer.  The 
integral  calibrator  proved  to  be  a  very  reliable  facility.  Also  the 
electronic  zero  reference  unit  was  occasionally  checked  against  an 
ice  bath  and  it  proved  to  be  very  accurate  needing  no  adjustment 
throughout  the  investi gation . 

A  Foxboro  6430  HF  electronic  consotrol  three-pen  recorder 
monitored  the  10  to  50  milliampere  signals  sent  to  it  by  the  two  abso¬ 
lute  pressure  transducers  and  differential  pressure  cell  in  the  system 
A  Foxboro  610  AR  power  supply  was  necessary  for  both  the  feed  pressure 
transducer  and  the  d/p  cell.  The  reactor  pressure  transducer  was 
powered  by  a  Kepco  KG-25-0.2  power  supply  unit  and  interfaced  to  the 
recorder  through  a  Foxboro  693  AR  EMF  to  current  converter. 

The  calibration  of  each  of  the  absolute  pressure  transducers 
was  checked  at  least  weekly  with  the  same  procedure  used  for  calibra¬ 
ting  them.  Frequently,  slight  adjustments  had  to  be  made  to  these  de¬ 
vices  to  maintain  the  calibration,  however,  the  chart  reading  error 
was  never  more  than  one  percent. 

The  differential  pressure  cell  was  checked  at  the  same  time 
as  the  pressure  transducers  but  not  as  frequently  since  it  was  fairly 
repeatable  and  rarely  gave  an  error  more  than  0.5  percent  of  full  seal 
Again  the  normal  calibration  procedure  was  used  for  this  verification. 
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4.8  Operation  of  Equipment  and  Experimental  Procedures 

4.8.1  Catalyst  Treatment 

Porocel  is  a  commercially-used  catalyst  and  was  selected  for 
this  study.  Since  it  was  a  commercial  catalyst  which  had  been  acti¬ 
vated  by  the  manufacturer,  the  pretreatment  only  included  steps  to 
ensure  constant  catalyst  activity  in  the  day-to-day  operation  of  the 
equipment. 

After  loading  a  fresh  batch  of  catalyst,  the  reactor  temper¬ 
ature  was  raised  to  500°F  and  held  there  for  24  hours.  A  slow  stream 
of  dry  nitrogen  was  passed  through  the  catalyst  bed  during  this  period. 
This  was  done  to  remove  combined  water.  The  catalyst  surface  was  then 
exposed  to  H^S  by  adding  H^S  to  the  nitrogen  feed-stream  to  give  an 
approximate  molar  composition  of  95%  N2  and  5%  H^S.  The  H^S  reaction 
with  the  catalyst  surface  was  manifested  by  a  sharp  rise  in  the  catalyst 
bed  temperature  when  it  was  added  to  the  nitrogen.  The  completion  of 
this  interaction  was  marked  by  the  existence  of  small  and  repeatable 
changes  in  the  bed  temperature  when  the  H^S  was  turned  off  and  on. 

The  exposure  generally  lasted  for  six  hours. 

S02  was  then  added  to  the  slow  N2/H2S  stream  going  to  the  re¬ 
actor  and  the  Claus  reaction  was  allowed  to  proceed  for  at  least  two 
hours  before  kinetic  measurements  were  made.  The  catalytic  activity 
was  always  highest  with  fresh  catalyst  and  generally  became  stable 
after  this  two  hour  period. 
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4=8.2  Fluidized  Bath  Startup 

The  fluidizing  air  and  cooling  water  to  the  recycle  pump 
seal  were  always  turned  on  before  any  heater  to  the  fluidized  bed  was 
started.  The  gate  valve  which  controlled  the  air  flow  rate  was  ad¬ 
justed  to  give  8.0  psig  on  the  line  pressure  gauge  between  the  valve 
and  the  bath.  This  corresponded  to  about  50  scfm  of  air  which  ade¬ 
quately  fluidized  the  sand  bed.  The  water  flow  rate  was  adjusted  so 
that  the  pressure  switch  on  the  pump's  power  supply  was  activated  and 
no  less  than  1  gpm  of  water  flowed.  The  pressure  switch  setting  was 
maintained  at  approximately  1  psi  below  the  operating  pressure  of  the 
reactor.  This  practice  was  followed  to  prevent  water  leakage  into  the 
reactor  in  the  event  of  a  seal  failure.  The  two  air  preheaters  and 
the  fluidized  bath  heater  were  then  turned  on  at  the  appropriate  settings. 

Usually,  the  reactor  would  reach  the  desired  operating  tempera¬ 
ture  within  2-1/2  hours.  The  first  air  heater  was  always  turned  to  a 
setting  of  550°F  but,  since  it  was  capacity  limited  and  could  not  heat 
the  air  to  this  temperature,  it  was  always  on.  The  second  heater's 
controller  was  generally  set  at  150°F  above  the  desired  operating 
temperature  since  there  was  a  considerable  heat  loss  around  the  base 
of  the  fluidized  bed.  This  controller  had  proportional  plus  reset  modes 
of  temperature  control.  The  fluidized  bath  temperature  controller  was 
usually  set  very  close  to  the  desired  reaction  temperature. 

4.8,3  Execution  of  Kinetic  Measurements 


The  sulfur  condenser  was  turned  on  at  least  twenty  minutes 
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before  any  kinetic  run  was  made.  The  ni chrome  wire  windings  on  this 
unit  received  energy  from  a  rheostat  which  was  manually  set  to  main¬ 
tain  the  temperature  in  the  condenser  above  100°C, 

While  the  condenser  warmed  up,  the  flow  rates  of  N^,  H^S  and 
SO2  were  adjusted  to  provide  what  would  be  required  for  the  maximum 
feed  rate  to  the  reactor  and  the  desired  feed  composition  as  analysed 
by  the  gas  chromatograph.  While  adjustments  to  the  flow  rates  were 
being  made,  the  gas  was  bled  to  vent  through  the  feed-line  back-pressure 
controller  and  no  feed  gas  was  permitted  to  reach  the  reactor.  The 
feed  back-pressure  controller  was  set  to  give  the  desired  feed  pressure 
which  was  maintained  constant  throughout  a  set  of  runs  with  constant 
feed  composition. 

The  recycle  pump  was  started  after  the  desired  feed  composi¬ 
tion  was  attained  and  flow  at  the  specified  rate  was  started  to  the 
reactor.  Fine  adjustments  to  the  fluidized  bath  temperature  were  then 
made  and  steady  state  temperatures  were  usually  achieved  within  five 
minutes . 

The  desired  reaction  pressure  was  obtained  and  controlled 
by  manually  adjusting  the  product  stream  back-pressure  controller  and 
the  GC  product  vent  valve.  These  settings  were  very  easy  to  make  once 
experience  had  been  obtained  running  the  equipment. 

For  most  runs,  two  product  and  at  least  one  feed  chromato¬ 
grams  were  taken.  The  former  were  to  verify  the  exi stance  of  steady- 
state  reaction  conditions  and  the  latter  to  ensure  that  constant  feed 


. 


93 


composition  was  being  maintained 

The  measurements  which  were  recorded  for  a  steady-state 
run  included  the  following:  catalyst  bed,  reactor  wall,  and  fluidized 
bath  thermocouple  readings,  feed  and  reactor  absolute  pressure  trans¬ 
ducer  readings,  feed  D/P  cell  reading  and  chromatogram  component  areas 
as  measured  by  the  disk  integrator. 

The  sulfur  condenser  removed  sulfur  vapor  from  the  product 
stream,  but  the  sulfur  merely  accumulated  at  the  bottom  of  this  de¬ 
vice.  Periodically  the  sulfur  had  to  be  removed  by  disconnecting  the 
water  condenser,  passing  a  slow  nitrogen  stream  through  the  reactor 
and  subsequently  the  condenser,  and  heating  the  condenser  above  the 
boiling  point  of  sulfur.  The  sulfur  vapor  was  discharged  into  the 
room  air  until  the  condenser  was  reasonably  clean. 

4.8.4  Termination  of  Kinetic  Measurements 

At  the  end  of  a  series  of  runs,  the  fluidized  bath  was  usually 
left  hot  and  the  H^S  and  SO^  gas  streams  were  turned  off.  Nitrogen 
was  purged  through  the  entire  system  for  at  least  fifteen  minutes  to 
avoid  unnecessarily  excessive  time  of  contact  between  H^S  and  SO^  in 
the  feed  system,  reactor  and  analytical  equipment.  This  practice  was 
followed  to  prevent  the  reaction  of  I^S  and  SO^  in  the  presence  of 
water  which  could  get  into  the  equipment  by  diffusing  back  from  the 
water  condenser  and  being  further  propagated  as  a  reaction  product. 

4.8.5  Periodic  Equipment,  Maintenance,  and  Accuracy  Tests 

As  previously  indicated  in  Section  4.7,  the  D/P  cell  and  abso- 
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lute  pressure  transducers  were  checked  against  the  calibration  data 
at  regular  intervals  using  normal  calibration  procedures.  The  carrier 
gas  flow-rates  and  filament  current  of  the  gas  chromatograph  were 
checked  and  adjusted  to  calibration  settings  every  day  that  kinetic 
measurements  were  being  made.  Also,  the  calibration  of  the  gas  chromato¬ 
graph  was  checked  by  making  up  an  N^,  H2S  and  SO^  mixture  of  known 
composition  and  running  its  chromatogram  at  least  once  a  week  during 
the  more  active  periods  of  the  research  program. 

The  equipment  did  not  require  much  in  terms  of  preventative 
maintenance.  The  six-port  diaphragm  valves  of  the  process  GC  were 
opened  and  inspected  for  wear  and  dirt,  however,  they  were  always 
clean  and  never  leaked.  The  1/2  litre  of  dessicant  in  the  stream  driers 
was  changed  every  month  to  be  certain  that  moisture  did  not  enter  the 
system. 

4.8.6  Catalyst  Activity  Test 

To  determine  if  the  catalyst  activity  was  remaining  constant 
throughout  the  course  of  a  series  of  runs  and  between  different  catalyst 
batches,  one  feed  composition  and  temperature  were  repeatedly  analysed 
and  compared  on  a  space  time  conversion  plot.  The  results  of  the  activity 
tests  are  discussed  in  Chapter  VI. 

4.9  Materials 

The  Matheson  Company  [75]  specified  the  following  minimum 
purity  limits  on  the  gases  supplied: 
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99,996%  (prepurified  grade) 

SO^  99.98%  (anhydrous  grade) 

H^S  99.5%  (C.P.  grade) 

Samples  of  the  gases  from  their  cylinders  were  analysed  using  a  gas 
chromatograph  and  nitrogen  impurity  was  present  in  the  S02.  The  con¬ 
centration  of  N2  in  the  S02  was  found  to  be  0.3%.  Using  a  mass 
spectrometer,  trace  quantities  of  COS,  C02,  and  CS2  were  found  in 
the  H2S  but  were  not  measured  quantiati vely .  These  compounds  were  not 
detected  using  the  gas  chromatograph. 

The  catalyst  used  in  this  investigation  was  donated  by 
Minerals  and  Chemicals  Philipp  Corporation  of  Menlo  Park,  New  Jersey. 
The  properties  of  the  catalyst  were  given  on  a  data  sheet  supplied  by 
the  company. 


Porocel  Sulfur  Recovery  Catalyst 


Volatile 

materi al 

6% 

Chemical 

composition 

A£203 

89.0% 

(Volatile 

i  free  basis) 

Fe2°3 

5 . 0% 

Ti  ^2 

2,8% 

si°2 

2.6% 

Insoluble 

0.6% 

Surface  area 


21 5  m2/gm 
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CHAPTER  V 
REDUCTION  OF  DATA 

5.1  Introduction 

All  of  the  process  measurements  which  were  read  from  labor¬ 
atory  recording  devices  were  punched  on  computer  cards  and  read  into 
the  nonprocess  data  processing  program  (NPRDP).  A  Fortran  listing  of 
NPRDP  is  shown  in  Appendix  C  and  the  input  data  and  resulting  output 
for  each  experiment  follows  the  listing.  A  sample  calculation  and 
error  analysis  are  also  provided. 

NPRDP  was  set  up  to  calculate  and  print  out  the  material 
balance  across  the  reactor,  the  reaction  temperature,  and  the  re¬ 
action  pressure.  From  the  material  balance  calculations,  the  follow¬ 
ing  information  also  was  printed  out:  feed  and  product  H^S/SC^ 
molar  ratios,  percent  conversion  of  H^S  and  SO^,  reaction  rate  of 
H^S  and  SO^,  and  the  weight  of  the  catalyst  divided  by  the  molar  feed 
rate  of  H2S. 

5.2  Ideal  Gas  Law  Assumption 

The  ideal  gas  law  is  inherent  in  the  calculation  procedure 
and  the  validity  of  its  use  will  now  be  considered.  After  Gibbs 
developed  the  concept  of  chemical  potential,  Lewis  [71]  proposed  a 
new  variable  called  fugacity,  f,  which  was  related  to  chemical  po¬ 
tential,  y,  in  the  following  way. 
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y  =  RT  &nf  +  e,  (5.1) 

where  0  is  a  function  of  temperature  only  and  y  is  based  on  one  mole 
of  material.  Using  the  first  and  second  laws  of  thermodynamics  [99], 
the  following  relationship  can  be  developed  from  Equation  (5.1), 


d(£nf)  _  v 
dP  ~  TrRT) 


(5.2) 


When  the  pressure  to  which  Equation  (5.2)  is  applied  approaches  zero, 
the  behaviour  of  all  substances  approaches  that  of  an  ideal  gas.  Hence 
at  very  low  pressures 


d(&nf)  =  d(£nP)  .  (5.3) 

If  upon  integration  the  constant  of  integration  is  chosen  as  zero,  the 
fugacity  is  equal  to  the  pressure,  or 


f*  =  p*  (5,4) 

where  the  superscript  symbolizes  a  pressure  approaching  zero  where 
the  fugacity  is  equal  to  the  pressure. 

One  method  of  determining  pure  component  fugacities  employs 
the  principle  of  corresponding  states  and  uses  generalized  charts  to 
arrive  at  the  value  of  the  fugacity  coefficient,  <t>' 
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<t>'  =  £  •  (5.5) 

This  approach  was  used  for  determining  <f>'  for  the  components  of 
interest  at  the  operating  conditions  of  the  experiments . 

The  critical  constants  and  the  reduced  temperature  and 
pressure  for  each  component  are  given  in  Table  5,1  based  upon  data 
taken  from  The  Matheson  Gas  Data  Book  [75 ] «  In  Table  5.2,  the  fugacity 
coefficients  [103]  are  given  for  conditions  in  the  recycle  reactor  as 
well  as  those  which  existed  for  calibration  of  the  gas  chromatograph 
and  analysis  of  feed  and  product  streams.  It  is  apparent  that  at  the 
conditions  in  the  reactor  (roughly  533°K  and  1  atmosphere)  the  fuga¬ 
city  coefficients  for  all  of  the  species  would  be  very  close  to  1.000. 
Unfortunately,  cf 1  data  were  only  available  down  to  reduced  pressure 
of  0.10  however,  the  trend  in  the  data  indicates  that  the  ideal  gas 
law  is  applicable  under  these  conditions.  The  same  holds  true  for 
conditions  of  room  temperature  and  pressure  except  possibly  for  SC^, 
Haywood  [45]  indicates  that  SO^  may  be  considered  to  be  a  perfect  gas 
at  normal  atmospheric  conditions. 

The  values  which  were  used  for  the  molecular  volumes  [75]  of 
these  compounds  are  given  in  Table  5.3. 

Throughout  this  work,  including  calibration  of  the  gas 
chromatograph,  the  equation  of  state  for  an  ideal  gas  was  employed. 


Pv  =  RT  o 


(5,6) 
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Table  5.1 

Critical  Constants  and  Reduced  Properties 

of  Ng»  H^S,  SO^  and  H^O 


Critical  Constants 


Reduced 


Reduced  Temperature 


Compound 

o 

<_> 

1— 

p 

c  ,atm 

Z 

c 

Pressure 
(1  atm.) 

(533°K) 

(293°K) 

N2 

126.0 

33.5 

0.291 

0,0299 

4.24 

2.32 

h2s 

373.6 

88.9 

0.284 

0.0112 

1.43 

0.784 

S02 

430,7 

77.8 

0.269 

0.0129 

1.24 

0.680 

H20 

647.4 

218.3 

0.230 

0.0046 

0.825 

— 

Table 

5.2 

Fugaci ty 

Coefficients  at  533 

°K  and 

293°K  and  One  Atmosphere 

Reduced 

1  <J>' 

at  533°K 

and  1  atm. 

cp '  at  293°K  and  1  atm. 

Pressure  N2 

h2s 

so2 

h2o 

N2 

h2s 

S02 

0.4 

1.000 

0.967 

0.939 

0.363 

0.993 

0.551 

0.168 

0.3 

1.000 

0.977 

0.958 

0,482 

0.995 

0.730 

0.220 

0.2 

1.000 

0.986 

0.974 

0.719 

0,997 

0.900 

0.325 

0.1 

1.000 

0.995 

0.991 

0.906 

0.999 

0.966 

0.640 

■ 
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Table  5.3 
Molecular  Volumes 


Compound 


h2s 

S02 


Molecular  Volume 
(1  iter) 

22( 40360 

22,14424 

21 ,88930 


The  number  of  moles  of  a  component  has  been  calculated  by 


(5.7) 


and  the  volume  at  measured  temperature  and  pressure  was  converted  to 
standard  conditions  using 


PlVil 


T 


1 


P  V. 
s  is 

To 


(5.8) 


For  a  mixture  of  ideal  gases,  the  mole  fraction,  volume  fraction  and 
partial  pressure  as  a  fraction  of  the  total  pressure  are  all  equal  [99] 
and  this  useful  fact  has  also  been  employed. 
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5.3  Reactor  Material  Balance 

Using  the  readings  of  the  D/P  cell,  absolute  pressure  trans¬ 
ducer,  and  the  gas  chromatograph ,  it  is  possible  to  carry  out  a  ma¬ 
terial  balance  calculation  for  the  reactor.  The  total  volumetric 
feed  rate  to  the  reactor  at  standard  conditions  of  0°C  and  1  atm  is 
called  FFq.  Then  the  molar  flow  rate  of  any  component,  FF. ,  can  be 
calculated, 


FFi  =  (FF0)(yi)/(^yiVi)  •  (5.9) 

The  denominator  of  the  above  expression  represents  the  average  molar 
volume  of  the  gas  mixture  at  standard  conditions. 

It  is  assumed  that  nitrogen  passes  through  the  reactor  as  an 
inert  component,  so  the  product  flow  rate  of  Ng  equals  that  entering 
the  reactor, 


FFN2  FFN2  *  (5.1 0) 

Therefore  the  product  flow  rate  of  H^S  and  SO^  can  be  expressed  as 

FPi  =  (FPN2)(yi)/(yN2}  (5-11) 

-  (FFN2)(yTJ/(yj;2) 

The  asterisk  was  added  to  the  above  yt  because  the  symbol  does  not  re- 


9d  nso  «  11  r^rrjnoq«»oo  w*  woft  TBfooi  9f  ■  not  »qh 
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present  the  mole  fraction  of  the  component  in  the  bulk  product  stream. 
The  y*  is  the  mole  fraction  of  component  i  in  the  product  stream  after 
the  sulfur  and  water  vapor  have  been  removed. 

From  the  equations  (5.10)  and  (5.11)  all  of  the  streams  de¬ 
picted  in  the  following  figure  are  known  except  for  FPq  and  FPW  n  . 

\  m2u 


r^FP 


N, 


^fph2s 


>FP 


SO, 


Assuming  that  all  of  the  sulfur  contained  in  the  H^S  and 
SO^  which  reacted  formed  sulfur  product,  then 


FPSX  ■  <ffh2s+ffso2-fph2s-fpso2>/x 


(5.12) 


The  water  could  be  calculated  in  two  ways. 


or 


> 


(5.13) 
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The  two  answers  should  be  the  same  if  the  GC  analysis  of  the  feed  and 
products  streams  were  perfect  but  since  this  was  not  the  case,  the 
average  of  the  two  results  was  taken . 

fph20  ■  (2<ffso2-fpso2>  +  FFH2s  -  FV'2  ■  <5-14> 

An  indication  of  the  accuracy  of  the  balance  was  obtained  by  performing 
a  hydrogen  balance. 


FP 


(5.15) 


This  term,  of  course,  should  be  zero.  For  experiments  which  involved 

the  addition  of  water,  FF^  Q,  to  the  reactor  feedstream,  Equation  (5.14) 

2 

was  modified  by  adding  to  it  the  molar  feed  rate  of  water. 

The  rate  of  reaction  of  H^S  and  SO^  were  obtained  directly 
from  the  reactor  material  balance  by  subtracting  their  product  flow 
rates  from  their  reactor  feed  rates  and  dividing  the  result  by  the 
weight  of  catalyst  in  the  reactor.  Such  kinetic  data  are  referred  to 
as  finite  rate  data  in  this  thesis  and  are  calculated  as  shown  in 
Equation  (5.16), 


)/W 


(5.16) 


This  equation  is  mathematically  the  same  as  Equation  (2.49),  which 


■ 
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states 


(2.49) 


More  than  80%  of  the  kinetic  data  presented  in  this  thesis 


are  finite  rate  data.  To  augment  these  data,  the  conversion  and 
space-time  data  which  were  also  measured  with  each  run  were  correlated 
to  provide  initial  rate  data.  This  approach  is  discussed  in  Section 
6.5, 


5.4  Partial  Pressure  of  Reaction  Species 

The  composition  of  the  effluent  from  the  reactor  is  very 
close  to  that  of  the  reacting  mixture  since  at  high  circulation  rates 
the  recycle  reactor  behaviour  is  the  same  as  for  the  perfectly  mixed 
backmix  flow  reactor.  Thus,  the  partial  pressures  of  the  reacting 
species  may  be  determined  from  the  composition  of  the  product  stream. 
In  turn,  the  composition  of  the  product  stream  was  calculated  from  the 
material  balance. 


(FP.)(v.) 

yi  =  IKFPpivpj  • 


(5.17) 


It  was  not  possible  to  use  FP$  in  Equation  (5.17)  since 
sulfur  vapor  exists  as  a  mixture  of  Sg,  and  Sg  molecules.  The  re¬ 
lative  amounts  of  each  sulfur  species  present  at  equilibrium  are  de¬ 
pendent  on  the  temperature  and  pressure  of  the  sulfur  vapor  system. 


sn3  z\  itfotVSdBd  <0J3#9'I  9(DY,091  # 


The  average  molecular  weight  of  sulfur  in  the  vapor  was  determined 
by  using  the  free  energy  minimization  method  which  was  discussed  in 
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Chapter  III . 
where , 


The  FP$  was  replaced  in  the  material  balance  by  FP^ 


FPC  =  FP  /X 


(5.18) 


where  X  is  the  average  number  of  sulfur  atoms  in  the  sulfur  vapor  mole¬ 
cule. 

Since  the  reaction  mixture  behaves  like  an  ideal  gas  mixture, 
then  the  partial  pressures  could  be  calculated  as  follows, 


Pi  =  (yptP)  • 


(5.19) 
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CHAPTER  VI 

PRESENTATION  AND  DISCUSSION  OF  EXPERIMENTAL  RESULTS 
6.1  Experimental  Program 

The  kinetics  measurements  for  the  Claus  reaction  were  ob¬ 
tained  with  the  following  objectives:  the  data  should  permit  corre¬ 
lation  of  and  discrimination  between  mechanistic  kinetic  models  for 
the  system.  It  should  also  yield  an  empirical  rate  equation  adequate 
for  plant  design  if  sufficient  confidence  could  not  be  expressed  for 
any  of  the  mechanistic  type  models. 

In  modified  Claus  type  sulfur  plants,  H^S  and  SO^  mole  fractions 
rarely  exceed  0.10  in  the  catalytic  converters  where  the  Claus  reaction 
takes  place.  Accordingly,  in  this  investigation  the  upper  concentration 
levels  of  H^S  and  SO^  were  set  for  0.10  mole  fraction.  Existing  sulfur 
recovery  plants  operate  only  slightly  above  atmospheric  pressure  and, 
so,  in  the  research  program,  the  reaction  pressure  was  held  to  slightly 
above  one  atmosphere. 

The  temperature  range  decided  upon  was  also  consistent  with 
plant  operating  conditions,  the  lowest  possible  temperature  above  the 
sulfur  dew  point.  Minimum  and  maximum  temperatures  were  208°C  and 
287cC  respectively. 

It  was  also  recognized  that  substantial  water  vapor  partial 
pressures  existed  in  sulfur  plant  converters,  so  facilities  were  pro- 


« 


, 


'  ■  *  ' 1 7 

’ 


107 

vided  to  study  the  effect  of  excess  water  vapor  on  the  reaction  rate. 

It  was  therefore  felt  that  the  state  variables  for  this  re¬ 
action  could  be  studied  within  the  range  of  industrial  interest  and 
yet  with  sufficient  scope  to  allow  correlation  of  a  useful  rate  ex¬ 
pression  and  inferences  to  be  made  on  the  reaction  mechanism. 

Table  6.1  summarizes  the  experimental  program.  Each  run 
has  been  assigned  an  alphameric  number  which  consists  of  two  letters 
and  an  integer.  The  first  letter  refers  to  the  temperature  level  at 
which  the  run  took  place.  The  second  letter  designates  the  feed  com¬ 
position  for  the  run.  The  integer  assigned  to  each  run  number  dif¬ 
ferentiates  between  the  feed  flow  rates  to  the  reactor.  Generally, 
the  lowest  number  corresponds  to  the  slowest  feed  rate. 

Four  exceptions  were  made  to  this  numbering  convention. 

Runs  which  have  been  labelled  CAT1 ,  CAT2,  ...  are  catalyst  activity 
tests  which  took  place  at  experimental  conditions  corresponding  to  CB. 

The  number  refers  to  the  batch  number  of  the  catalyst  charge.  Runs 
with  X  as  the  second  letter  have  been  carried  out  under  feed  composition 
conditions  which  correspond  to  the  letter  A,  and  the  intent  of  the  run 
has  been  to  operate  at  high  conversions  of  H^S.  FMS  denotes  runs  which 
were  executed  using  a  finer  mesh  sized  catalyst  than  that  used  for  the 
rest  of  the  experimental  program.  Finally,  HW  applies  to  runs  which 
took  place  at  high  water  partial  pressures  by  adding  water  to  the  re¬ 
actor  feed  stream. 

Tables  in  Appendix  C  contain  the  kinetic  data  which  were  ob- 
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Table  6.1 

Experimental  Program 


1st  Letter-Temperature  2nd  Letter-Composition 
Letter  (Degrees  Kelvin)  (Mole  Percent) 


N2 

h2s 

so2 

A 

559 

88.39 

7.93 

3.68 

B 

541 

92.50 

3.82 

3.68 

C 

515 

94.37 

1.95 

3.68 

D 

481 

87.11 

7.51 

5.38 

E 

- 

90.73 

7.63 

1.64 

F 

- 

92.66 

1.94 

5.40 

G 

- 

96.23 

2.05 

o 

r-v, 

« 

H 

- 

90.43 

3.84 

5.73 

K 

- 

94.36 

3.89 

1.75 

X 

- 

88.39 

7.93 

3.68 

FMS 

HW 

Activity  Test  on  fine 

Kinetic  data  taken  at 

mesh  catalyst 

high  water  levels 

CAT  Catalyst  Activity  Test 


. 
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tained  in  this  investigation.  The  data  have  been  presented  in  three 
groups;  directly  measured  finite  rate  data,  catalyst  activity  test  data, 
and  initial  rate  data  which  were  determined  from  plots  of  H^S  fractional 
conversion  versus  reactor  space  time  for  H^S. 

6.2  Test  for  Homogeneous  Reaction 

The  first  experiment  performed  on  the  equipment  was  one 
which  tested  for  the  existence  of  homogeneous  reaction.  With  no  catalyst 
in  the  reactor,  a  feed  stream  with  a  composition  of  approximately  88% 

N^,  8%  H^S  and  4%  SO^  was  used.  The  reactor  temperature  approximated 
500°K  and  the  recycle  pump  was  running  at  a  dial  setting  of  9  throughout 
this  test.  It  was  found  that  chromatograms  for  both  feed  and  product 
streams  were  the  same  within  the  limits  of  experimental  error  and  so  it 
was  concluded  that  homogeneous  reaction  was  not  occurring  to  any  signi¬ 
ficant  extent  in  the  reactor.  The  experimental  error  is  discussed  in 
Appendix  C. 

6. 3  Bulk  Mass  Transfer  Test 

The  recycle  reactor  is  ideally  suited  for  determining 
whether  bulk  mass  transfer  (film  diffusion)  is  the  rate-controlling 
step  in  heterogeneous  catalytic  reactions.  By  simply  holding  all  of 
the  state  variables  (feed  composition,  feed  flow  rate,  temperature  and 
pressure)  for  the  reactor  constant  and  changing  the  rate  of  recircu¬ 
lation,  it  is  possible  to  determine  whether  mass  transfer  is  rate  con¬ 
trolling. 
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In  the  film  diffusion  test  which  was  performed,  the  vari¬ 
able  speed  drive  on  the  recycle  pump  was  set  at  dial  readings  of  4., 

6.,  8.  and  10.  which  corresponded  to  recirculation  rates  of  approxi¬ 
mately  2.3,  3.5,  4.75,  5.0  scfm.  At  each  dial  setting,  a  product 
chromatogram  was  taken  and,  in  each  case,  they  were  identical  within 
the  limits  of  experimental  error  (indicated  in  Appendix  C). 

It  was  concluded  that  film  diffusion  was  not  significant 
and  that  the  reactor  was  behaving  as  a  perfectly  mixed  backmix  re¬ 
actor.  Unfortunately,  the  recycle  pump  could  not  be  run  slowly  enough 
to  demonstrate  departure  from  these  ideal  conditions.  This  was  due 
to  the  nature  of  the  pump  drive,  powered  by  a  direct  current  motor 
which  would  not  turn  over  at  dial  settings  below  3.5. 

The  data  for  this  series  of  runs  is  tabulated  under  run 
CB-2  in  Appendix  C  and  the  chromatograms  are  given  in  Table  6.2.  In 
Appendix  D,  theoretical  calculations  indicated  that  at  a  dial  reading 
of  5.0  on  the  recycle  pump  the  bulk  diffusion  rate  of  H2S  to  the  catalyst 
surface  could  be  more  than  250  times  as  rapid  as  the  rate  required  to 
sustain  the  surface  reaction  at  500°F  and  30.4  and  15.2  mm  Hg  pressure 
for  H^S  and  SO^,  respectively.  For  similar  temperature  and  pressure 
conditions,  calculations  indicated  that  the  film  diffusion  rate  for 
modern  sulfur  plants  could  be  7.5  times  as  fast  as  that  necessary  to 
sustain  the  surface  reaction.  When  the  partial  pressures  of  H^S  and 
SO^  are  increased,  this  ratio  of  7.5  would  decrease. 
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Table  6.2 


Chromatograms  for  Film 

Diffusion 

Test 

Stream 

Pump  Dial 

Recirculation 

Component  Areas 

Sampled 

Reading 

Rate  (scfm) 

N2 

h2s 

C\J 

o 

oo 

Feed 

90.5 

219.5 

259.0 

Feed 

90.5 

220,0 

258,0 

Product 

4. 

2.30 

90.2 

190.0 

242.0 

Product 

6. 

3.50 

90.2 

191.5 

243.0 

Product 

8. 

4.75 

90.2 

192.0 

242.5 

Product 

10. 

5.00 

90.1 

190.0 

240,0 

Product 

7.5 

3.90 

90.2 

190.0 

242.0 

Product 

7.5 

3.90 

90.1 

192.0 

242.0 

For  the  ensuing  experimental  program,  the  pump  dial  reading 
was  maintained  at  7,5  which  corresponded  to  a  flow  rate  of  3,90  scfm 
through  the  catalyst  bed.  This  flow  provided  recycle  ratios  which 
averaged  at  25  for  the  rate  measurements.  This  is  better  than  two 
times  the  recycle  ratio  of  10,  above  which,  a  recycle  reactor  behaves 
like  a  backmix  reactor. 


6.4  Catalyst  Activity  Test  Results 

As  indicated  in  Section  5.1,  the  catalytic  activity  was  re¬ 
latively  higher  for  freshly  loaded  catalyst,  and  a  procedure  was  followed 
which  avoided  taking  kinetic  measurements  under  these  conditions.  To 
ensure  that  constant  catalytic  activity  was  prevailing,  runs  at  the 
feed  composition  and  experimental  conditions  which  corresponded  to  CB 
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were  made  periodically  and  the  results  were  compared  on  a  fractional 
conversion  (XA)  of  H^S  versus  space  time  (WFA)  plot.  This  not  only 
served  to  check  the  catalytic  activity,  but  also  demonstrated  the  re¬ 
peatability  of  the  experiments. 

The  catalytic  activity  appeared  constant  within  the  limits 
of  experimental  error  for  all  cases.  In  Figure  6.1,  the  results  of 
all  of  the  activity  tests  are  plotted  as  well  as  those  for  run  series 
CB.  The  dotted  lines  on  either  side  of  the  solid  line  indicate  the 
limits  of  experimental  accuracy  as  determined  in  Appendix  C. 

Catalyst  activity  tests  were  performed  at  the  discretion 
of  the  experimentalist.  Generally,  activity  tests  were  carried  out 
before  and  after  long  series  of  runs  and  in  particular,  if  the  equip¬ 
ment  had  been  cooled  down  and  then  reheated  because  of  a  necessary 
repair  or  new  catalyst  charge.  Normally,  the  fluidized  bath  temperature 
was  maintained  at  all  times  between  runs,  for  days  at  a  time. 

The  results  of  the  activity  tests  and  run  series  CB  are 
given  in  Table  C-3  in  Appendix  C.  Three  batches  of  Porocel  catalyst 
28/35  mesh  were  used  for  the  runs.  Activity  tests  denoted  ACT1  were 
performed  on  catalyst  batch  number  1  which  weighed  0.4995  grams.  This 
batch  was  used  extensively  for  kinetic  measurements.  Catalyst  batch 
number  2  weighed  1,5141  grams  and  was  used  for  the  high  conversion 
run  series.  Catalyst  batch  3  weighed  1.1530  grams  and  was  used  for 
the  runs  made  at  high  levels  of  water  partial  pressure. 
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FIGURE  6.1:  CATALYST  ACTIVITY  TESTS 
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6.5  Initial  Rate  Data 

From  plots  of  fractional  conversion  of  H^S  and  reactor 
space  time  with  respect  to  the  H^S  feed  rate,  it  is  possible  to 
determine  the  rate  of  reaction  at  zero  percent  conversion  of  H^S 
by  taking  the  slope  of  such  a  plot  at  the  origin.  Since  this  is 
not  as  immediately  clear  for  a  recycle  reactor  as  it  is  for  a  dif¬ 
ferential  reactor,  the  mathematics  of  obtaining  rates  from  such  plots 
will  now  be  reviewed . 

Consider  the  sketch  of  a  recycle  reactor  shown  in  Figure 
2.3.  The  following  material  balance  equation  describes  the  dif¬ 
ferential  change  in  fractional  conversion  of  component  A  with  a 
differential  change  in  weight  of  catalyst  in  the  reactor. 

FAq  (1+R1 )  dX^  =  rA  dW  (6.1) 

This  equation  is  being  applied  in  the  "differential  reactor  sense" 
since  the  total  flow  of  component  A  past  the  catalyst  at  zero  con¬ 
version  is  used.  The  prime  is  used  on  because  it  refers  to  the 
conversion  across  the  catalyst  bed  and  not  across  the  recycle  re¬ 
actor  as  a  whole,  Xn.  These  two  conversions  are  related  by  the  fol¬ 
lowing  equation. 


=  XA/(1+R‘) 


(6.2) 
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Differentiating  Equation  (6.2)  and  substituting  into  Equation  (6.1), 
the  following  result  is  obtained. 
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FA0  dXA  =  rA  dW 


(6.3) 


Equation  (6.3)  may  be  integrated  and  rearranged  to  give: 


(6.4) 


which  is  valid  at  low  values  of  X^. 

Holding  the  catalyst  weight  constant  and  permitting  the 
feed  rate  of  component  A,  Faq,  to  vary  when  the  above  equation  is 
differentiated,  corresponds  to  finding  the  reaction  rate  taken  from 
derivatives  taken  at  the  origin  on  conversion  versus  space-time  plots. 
Differentiating,  Equation  (6.4)  becomes 


(6.5) 


rA  =  d(WFA) 


dXA 

rA  '  c1(wFA) 


(6.6) 


or 


The  initial  reaction  rates  were  obtained  by  fitting  the 
conversion-space  time  data  to  the  function 


XA  =  Atanh[B(WFA) ] 


(6.7) 
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and  analytically  differentiating  at  the  origin.  The  curve  fitting 
was  carried  out  using  Rosenbrock's  method  which  is  described  in 
Appendix  E. 

The  derivative  of  the  above  function  with  respect  to  WFA 
is 


=  (A)(B)(sech2[B(WFA)]) 
4AB 

'  (e(WFA)B  +  e-(WFA)B}2 


(6.8) 


At  WFA  =  0,  which  corresponds  to  the  initial  rate  of  reaction,  the 
above  derivative  reduces  to 


dXA 

d ( WFA )  "  (A)(B)  •  (®-9) 

This  method  was  proposed  and  applied  by  Mezaki  and  Kittrell  [77] 
on  space  time-conversion  data  taken  by  Johnson  [53]  on  the  vapor-phase 
dehydration  of  secondary  butyl  alcohol  over  a  commercial  silica-alumina 
cracking  catalyst. 

Table  6.3  summarizes  the  results  of  fitting  the  conversion- 
space  time  data  and  also  indicates  the  calculated  initial  rates.  Using 
the  fitted  hyperbolic  tangent  functions,  the  space- time  conversion 
data  were  calculated  at  thirty  five  points  for  each  of  the  eighteen 
sets  of  data.  These  calculated  points  were  used  for  plotting  the 
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curves  shown  in  Figure  6.2,  which  also  shows  the  experimentally  me¬ 
asured  space  time-conversion  data. 

The  ideal  gas  law  was  used  in  conjunction  with  the  average 
feed  composition  and  reaction  pressure  for  each  of  the  sets  of  runs 
for  determining  the  partial  pressure  of  reactants  which  would  exist 
for  each  initial  rate.  These  initial  rate  data  are  shown  in  Table 
C.4. 


6.6  Experimental  Test  for  Pore  Diffusion 

Porocel  catalyst,  28/35  mesh,  was  used  throughout  the  experi¬ 
mental  program  for  measuring  kinetic  data.  To  test  if  pore  diffusion 
was  limiting  the  reaction  rate,  a  finer  mesh-sized  catalyst  (48/65 
mesh)  was  subjected  to  the  normal  pretreatment  procedure  and  then 
kinetic  measurements  were  taken  at  experimental  conditions  similar  to 
those  for  run  series  CA. 

After  one  run  it  was  very  clear  that  this  finer  mesh  catalyst 
was  much  more  active  than  the  28/35  mesh  material,  so  the  pretreatment 
time  span  was  tripled.  The  results  from  the  three  ensuing  kinetic 
measurements  are  shown  on  a  conversion-space  time  plot  in  Figure  6.3 
along  with  those  of  run  series  CA. 

The  activity  of  the  smaller  catalyst  particles  was  obviously 
much  higher  than  that  of  the  catalyst  particle  size  used  in  the  ma¬ 
jority  of  the  experiments.  The  initial  rates  of  reaction  which  were 
obtained  by  the  previously  described  hyperbolic  tangent  fitting  pro¬ 
cedure  are  shown  in  Table  6.4  as  well  as  the  external  areas  of  the 
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FIGURE  6.2:  CONVERSION  VS  SPACE  TIME  PLOTS 
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FIGURE  6.3:  PORE  DIFFUSION  TEST 
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Table  6.3 

Initial  Rate  Data  Determined  From 
Fitting  a  Hyperbolic  Tangent  Function 


Curve  Parameter  Values 


No. 

A 

B 

AA 

32.7480 

1  .26700 

AB 

37.2910 

0.54262 

AC 

38.3180 

0.25993 

BA 

23.5153 

1.44195 

BB 

41.3226 

0.35167 

BC 

72.0617 

0.10762 

CA 

24.1780 

0.99983 

CB 

41 .8180 

0.30316 

CC 

34.9180 

0.19497 

CD 

196.3460 

0.14900 

CE 

132.8240 

0.13472 

CF 

31.2100 

0.32707 

CG 

25.8230 

0.23634 

CH 

51 .4540 

0.32945 

CK 

197.3260 

0.04899 

DA 

38.9446 

0.36094 

DB 

51 .5323 

0.14600 

DC 

15.9675 

0.31023 

FMS 

51.6322 

0.92734 

Fit 

Variance 

Initial 

Rate 

0.0485 

0.4149 

0.0000 

0.2023 

0.0000 

0.0995 

0.0000 

0.3390 

0.0289 

0.1453 

0.3362 

0.0775 

0.0632 

0.2417 

0.0127 

0.1267 

0.2344 

0.0680 

0.0003 

0.2925 

0.0645 

0.1789 

0.0000 

0.1020 

0.0000 

0.0610 

0.0000 

0.1695 

0.0002 

0.0966 

0.0001 

0.1405 

0.0000 

0.0752 

0.0000 

0.0495 

0.3923 

0.4788 
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two  different  sized  catalyst  particles.  In  both  cases,  the  same  re¬ 
actor  feed  composition  and  reaction  temperature  were  used. 

Table  6.4 

Pore  Diffusion  Test  Results 


Catalyst 

Particle  Diameter 

External  Specific 

Initial  Rate 

Mesh  Size 

Max 

Min 

Avg 

Surface  Area 

of  Reaction 

(fyler  Std) 

(cm) 

(cm) 

(cm) 

(cm2/qm) 

(q.mol ./hr.q.cat. ) 

28/35 

0.0595 

0.0420 

0.051 

46.2 

0.242 

48/65 

0.0297 

0.0210 

0.025 

94.1 

0.479 

From  the  results  shown  in  Table  6.4  it  is  clear  that  the 
catalyst  activity  is  almost  proportional  to  the  external  area  of  catalyst. 
The  external  area  of  the  catalyst  was  estimated  using  the  average 
particle  diameter  shown  above,  a  specific  gravity  of  3.3  for  bauxite 
and  assuming  a  cubical  particle  shape.  The  area  ratio  of  the  28/35 
mesh  catalyst  to  the  48/65  mesh  catalyst  is  1:2^08  and  the  ratio  of 
the  initial  reaction  rates  is  1:1.98.  It  is  therefore  concluded  that 
only  the  external  area  of  the  catalyst  was  actively  catalyzing  the  re¬ 
action  in  this  kinetic  study. 

A  third  catalyst  of  smaller  particle  size  was  not  tested 
since  it  was  anticipated  it  would  be  too  fine  for  use  in  the  reactor. 

It  could  cause  a  very  high  pressure  drop  in  the  recycle  loop  with  the 
added  danger  that  it  could  have  been  blown  through  the  catalyst  support 
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screen  and  into  the  pump. 

The  absence  of  pore  diffusion  effects  is  analogous  to  what 
Hammar  [44]  observed  with  his  cobalt,  molybdenum  and  alumina  catalyst. 

He  observed  that  when  the  level  of  sulfur  vapor  partial  pressure  was 
increased  beyond  the  region  where  sulfur  capillary  condensation  should 
have  taken  place,  no  sudden  decrease  in  the  reaction  rate  occurred. 

On  this  basis,  he  concluded  that  the  reaction  was  taking  place  pre¬ 
dominantly  on  the  outer  surface  of  the  catalyst. 

Calculation  of  effective  diffusivity  and  subsequent  testing 

( 

of  a  reaction  rate  diffusion  control  criterion  [50]  as  shown  in  Ap¬ 
pendix  D,  led  to  the  conclusion  that  the  Claus  reaction  would  be  limited 
by  pore  diffusion  if  the  pores  were  not  plugged.  The  criterion  re¬ 
quires  that  [50]  for  the  absence  of  pore  diffusion  control  of  a  re¬ 
action  the  following  inequality  must  be  satisfied, 

d  2 

The  value  of  the  left  hand  side  of  this  inequality  was  found  to  be 
0.16  sec  versus  a  value  of  0.011  for  the  right  hand  side.  This  means 
that  the  pore  diffusion  interaction  with  reaction  phenomenon  could 
have  been  observed  if  the  surfaces  were  available  for  reaction. 

It  is  most  probable  that  sulfur  vapor,  which  is  primarily  Sg 
at  260°C,  is  slow  in  diffusing  out  of  the  catalyst  pore  and  is  forming 
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a  monolayer  or  more  on  the  internal  surface.  The  high  activity  of 
fresh  catalyst  could  result  from  initial  internal  area  utilization 
which  later  diminishes  because  of  sulfur  buildup  on  the  surface. 

Sulfur  buildup  on  internal  surfaces  is  visualized  as  follows 
when  a  monolayer  or  more  of  sulfur  forms  on  the  capillary  walls,  the 
effective  diameter  is  so  reduced  that  reactants  cannot  diffuse  in  and 
more  likely,  Sg,  which  may  have  been  formed  within  the  pore,  cannot 
diffuse  out.  Sulfur  thus  remains  permanently  inside  the  catalyst. 

This  hypothesis  is  supported  by  tests  which  were  performed 
on  fresh  and  used  catalyst  by  Mr.  M.  de  Germiny  [23].  Using  BET-N^ 

adsorption  measurements,  fresh  catalyst  surface  area  measured  at 

2  2 
148  m  /gm  and  used  catalyst  from  the  same  batch  at  56  m  /gm.  The 

surface  area  reduction  can  be  attributed  to  reduction  of  the  pore  dia¬ 
meter.  Subsequent  differential  thermal  analysis  cf  the  used  catalyst 
failed  to  detect  the  presence  of  sulfur  in  the  material.  It  was  felt 
that  the  measurement  device  was  not  sensitive  enough  to  detect  the 
sulfur  which  likely  formed  less  than  1%  of  the  mass  of  the  sample.  On 
the  other  hand,  electron  probe  measurements  indicated  the  absence  of 
sulfur  from  fresh  catalyst  but  approximately  10%  sulfur  content  uni¬ 
formly  dispersed  within  used  catalyst. 

6 . 7  Examination  of  the  Effects  of  Species  Partial  Pressures  and 

Temp erature  on  the  Kinetics  of  the  Claus  Reactions 

The  outline  of  the  experimental  program  describes  the  ranges 
of  feed  compositions  and  temperature  which  were  used  in  this  study. 
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Figures  6.4  to  6.6  graphically  show  how  the  reaction  rate  was  affected 
by  the  state  variables.  Each  point  on  the  plots  is  an  experimentally 
measured  piece  of  kinetic  data*  Excluding  initial  rate  data,  the  measured 
rate  data  were  recorded  at  varying  levels  of  H2S  and  SO^  conversion. 
Fortunately,  the  conversion  range  was  small  enough  that  corresponding 
changes  in  Sx  and  H^O  pressure  did  not  cause  excessive  scatter  in  the 
data  on  plots  which  do  not  take  these  changes  into  account. 

Figure  6.4  shows  how  the  reaction  rate  varies  with  H^S  partial 
pressure  with  SO^  as  a  parameter.  It  is  apparent  that  the  order  of  the 
reaction  with  respect  to  H^S  pressure  remains  constant  with  varying 
levels  of  SO^.  The  reaction  order  with  respect  to  h^S  calculates  at 
0.84  using  the  slopes  of  the  lines  shown  in  Figure  6.4.  A  cross  plot 
of  Figure  6.4  would  provide  a  graphical  estimate  of  0.50  for  the  order 
of  the  reaction  with  respect  to  SO^.  As  will  be  seen  later  these  esti¬ 
mates  of  the  reaction  order  agree  with  those  obtained  from  correlating 
the  kinetic  data  to  an  empirical  rate  expression. 

It  is  also  notable  in  Figure  6.4  that  in  general  the  initial 
rate  data  points  (open  symbols)  were  lower  than  the  finite  rate  points 
(dark  symbols).  At  first  it  was  felt  that  there  was  some  form  of  systematic 
error  in  reducing  the  data,  since  the  high  water  activity  experiments, 
discussed  later,  indicated  that  water  retards  the  reaction.  However, 
no  error  could  be  found. 

What  has  been  observed  is  possibly  a  very  unique  effect. 

At  low  levels  of  water  content,  the  presence  of  water  enhances  the  number 
of  hydroxyl  groups  on  the  catalyst  surface  which  in  turn  provides  more 
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FIGURE  6.4:  RATE  OF  H  S  OX  I  AT  I  ON  AS  A  FUNCTION  OF  H^S 

PARTIAL  PRESSURE  WITH  S02  PARTIAL  PRESSURE 


AS  A  PARAMETER. 
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PARTIAL  PRESSURE  OF  H2S  (mm  Hg) 
FIGURE  6.5:  RATE  OF  H2S  OXIATION  AS  A  FUNCTION  OF  H2S 

PARTIAL  PRESSURE  WITH  TEMPERATURE  AS  A 


PARAMETER. 
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PARTIAL  PRESSURE  OF  H2S  (mm  Hg) 

FIGURE  6.6:  EFFECT  OF  WATER  PARTIAL  PRESSURE  ON  THE 

REACTION  RATE  OF  H  S 
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sites  for  H^S  and  S02  adsorption.  At  higher  levels  of  water  content, 
after  all  of  the  possible  hydroxyl  groups  were  formed,  the  water  com¬ 
petes  with  the  reactants  for  these  adsorption  sites. 

Figure  6.5  displays  how  the  temperature  affects  the  kinetics 
of  the  reaction  and  again  it  is  seen  that  the  reaction  order  with  re¬ 
spect  to  H^S  remains  fairly  constant  at  different  temperature  levels. 

The  initial  rate  points  were  not  included  here  to  avoid  cluttering  the 
plot,  but  the  same  trend  would  be  observed  as  with  Figure  6.4  if  they 
were  included.  From  cross  plots  of  the  data  in  Figure  6.5,  the 
activation  energy  for  the  reaction  calculates  at  7530  calories.  Again 
this  comes  close  to  the  estimate  arrived  at  by  curve  fitting. 

From  Figure  6.6  it  can  be  seen  that  as  the  partial  pressure 
of  water  increases,  the  forward  rate  of  the  Claus  reaction  decreases. 

An  increase  in  the  velocity  of  the  reverse  reaction  most  probably 
causes  the  observed  reduced  forward  rate  at  higher  water  vapor  pressures. 

Figure  6.7  shows  isorate  lines  drawn  on  a  graph  with  percent 
conversion  of  H^S  and  S02  to  sulfur  and  temperature  as  coordinates. 

The  data  points  were  obtained  from  plots  of  the  high  conversion  data 
(series  A,B,C  and  DX)  with  reaction  rate  plotted  against  percent  con¬ 
version.  Unfortunately  the  equipment  was  not  designed  for  operating 
at  high  conversion  levels  and  therefore  very  little  confidence  could 
be  expressed  in  these  data.  To  obtain  high  conversions,  it  was  necessary 
to  operate  at  very  low  feed  flow  rates  and  it  is  felt  that  the  associ¬ 
ated  flow  rate  measurement  error  could  lead  to  errors  of  100%  in  the 


measured  reaction  rate. 
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The  objective  of  the  high  conversion  series  was  to  provide 
directly  measured  data  in  the  form  presented  by  Kubota  [60]  which 
would  facilitate  sulfur  plant  reactor  design  and  staging  according 
to  a  method  recently  applied  to  Claus  reactors  by  Dalla  Lana  [17]. 

6.8  Correlation  of  Experimental  Data  by  Rate  Equations 

An  objective  of  the  research  program  was  to  determine  the 
parameters  of  empirical  rate  expressions  fitted  to  the  experimental 
kinetic  data.  Also,  the  data  would  be  tested  with  mechanistic  models 
which  would  be  selected  on  the  basis  of  previously  described  charac¬ 
teristics  of  the  heterogeneous  reaction  of  H^S  with  SO^.  Finally,  an 
attempt  should  also  be  made  to  fit  the  rate  data  to  a  more  comprehen¬ 
sive  mechanistic  model  with  the  mutually  rate-control  1 ing  steps  of 
reaction  adsorption  and  subsequent  bimolecular  surface  reaction. 

The  Rosenbrock  method  of  rotating  coordinates  [94]  satis¬ 
factorily  minimized  the  error  variance  of  the  fitted  rate  expressions. 

A  Fortran  listing  of  this  computer  program  and  documentation  of  the 
algorithm  are  given  in  Appendix  E. 

Rosenbrock' s  method  was  originally  intended  to  provide  para¬ 
meter  estimates  for  an  initial  guess  for  a  nonlinear  least  squares 
program  however,  the  latter  approach  did  not  reduce  the  sum  of  residual 
mean  squares  of  the  errors  of  the  correlation  below  that  achieved  using 
Rosenbrock 's  method  so  it  was  deleted  from  the  fitting  process. 

Experimental  data  were  divided  into  11  groups  of  results, 
each  group  being  obtained  at  a  characteristic  set  of  reaction  conditions. 
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The  reason  for  doing  this  was  to  avoid  confusing  the  correlation  re¬ 
sults.  For  example,  if  a  rate  expression  without  a  temperature  term 
was  correlated  to  find  the  reaction  order  with  respect  to  H2S  and  S02, 
only  data  taken  at  one  temperature  level  should  be  used  and  not  all  of 
the  available  data.  These  data  banks  are  listed  in  Table  6.5.  Iso¬ 
thermal  data  refers  to  kinetic  measurements  taken  at  approximately 
242°C  and  at  H2S  and  S02  partial  pressures  which  range  from  12  to  60 
mm  Hg  and  10  to  45  mm  of  Hg,  respectively.  The  total  pressure  of  the 
reactor  v/as  held  constant  at  840  mm  Hg.  These  data  were  presented  in 
Figure  6.4  along  with  the  initial  rate  data  for  the  experiments.  Non- 
isothermal  data  depicts  the  results  obtained  at  515°K  and  the  three  other 
temperatures  which  were  studied  as  well.  Figure  6.5  exhibits  all  of 
the  non  isothermal  data  points.  Initial  rate  data  were  calculated  by 
the  procedure  discussed  in  Section  6.6,  and  the  results  from  high 
water  composition  tests  were  obtained  from  experiments  in  which  water 
v/as  injected  into  the  reactor  feed  stream  using  the  microfeeder. 

After  a  bank  of  data  had  been  correlated  to  a  rate  expression, 
the  covariance  matrix  was  calculated  to  obtain  a  measure  of  the  re¬ 
liability  of  the  parameter  estimates.  In  the  covariance  matrix  the 
diagonal  elements  are  the  variances,  and  their  square  roots  are  the 
standard  deviations  of  the  parameter  estimates  [64].  Off  diagonal 
elements  indicate  the  interdependence  of  the  estimates  of  the  various 
parameters.  The  95%  confidence  intervals  for  parameters  were  obtained 
by  multiplying  the  standard  deviations  by  two.  This  is  often  referred 
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Table  6.5 

Data  Banks  for  Correlation 


Bank  Number  of 

Number  Bank  Description  Data  Points 


1 

Isothermal 

24 

2 

Isothermal  Initial  Rate 

9 

3 

1  +  2 

33 

4 

Nonisothermal 

40 

5 

Nonisothermal  Initial  Rate 

12 

6 

4  +  5 

52 

7 

3  +  6 

85 

8 

2  +  5 

21 

9 

1  +  4 

52 

10 

High  water  +  1 

32 

11 

10  +  4 

60 

to  as  two  sigma  intervals  [64].  An  explanation  of  how  the  covariance 
matrix  was  constructed  and  a  listing  of  the  Fortran  program  which  was 
used  is  given  in  Appendix  E. 

6.8.1  Empirical  Rate  Expressions 

Several  empirical  rate  equations  were  fitted  to  the  kinetic 
data.  Initially  they  were  simple  and  became  more  complex  as  more  in¬ 
formation  was  gained  about  the  reaction  order  with  respect  to  specie 
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partial  pressures  and  about  the  reaction  activation  energy.  This  ap¬ 
proach  reduced  the  tendency  of  the  correlation  program  to  converge  on 
unreasonable  parameter  estimates,  since  initial  guesses  for  some  para¬ 
meter  values,  which  were  required  by  the  Rosenbrock  program,  could  be 
made  fairly  accurately.  The  more  complex  empirical  expressions  were 
not  unimodal  in  the  parameter  space  and  several  initial  guesses  were 
attempted  before  correlation  coefficients  were  finally  accepted. 

Table  6.6  summarizes  the  results  which  were  obtained  for  the  empirical 
rate  expression  parameter  estimates. 

The  first  rate  equation  in  Table  6.6  was  fitted  to  isothermal 
data  measured  at  515°K  for  obtaining  the  order  of  the  forward  rate 
expression  with  respect  to  h^S  and  SO^  at  one  temperature.  The  orders 
were  found  to  be  0.832  +  0.0745  and  0.437  +0.0834  respectively.  The 
third  rate  expression  which  includes  an  activation  energy  term,  was 
fitted  to  nonisothermal  kinetic  data  measured  at  481,  515,  541  and 
559°K.  The  reaction  orders  with  respect  to  H^S  and  SO^  were  0.963  +_ 
0.0448  and  0.359  +0.135.  Since  the  nonisothermal  data  were  measured 
at  a  higher  average  temperature  than  the  isothermal  data,  it  is  possible 
that  the  reaction  order  increases  with  respect  to  H^S  and  decreases 
with  respect  to  SO^  as  the  temperature  increases.  However,  the  95% 
confidence  limits  for  the  order  estimates  indicate  that  they  could 
both  be  the  same  for  the  two  sets  of  results  and  so,  the  data  do  not 
permit  us  to  conclude  that  the  order  changes  with  temperature. 

The  apparent  activation  energy  of  7589  +  451  calories  per 
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mole  may  be  lower  than  the  true  activation  energy  for  the  reaction. 

Under  strong  pore  diffusional  resistance  the  observed  activation  energy 
may  be  as  low  as  one-half  of  the  true  activation  energy  [102],  Since 
it  was  previously  concluded  that  virtually  none  of  the  catalyst  interior 
was  being  used,  it  is  more  likely  that  the  measured  energy  of  activation 
is  representative  of  the  diffusion  free  value. 

Another  problem  involved  with  the  credibility  of  this  activation 
energy  is  whether  or  not  the  empirical  rate  expression  is  representative 
of  the  mechanism  of  the  reaction.  This  type  of  rate  equation  corresponds 
to  the  Freundlich  adsorption  isotherms  for  H^S  and  SO^  and  suggests 
that  a  surface  reaction  between  chemisorbed  species  is  rate  limiting. 

This  isotherm  is  expected  to  be  valid  only  at  low  surface  coverages  [102]. 

The  empirical  rate  expressions  do  correlate  the  kinetic  data 
as  well  as  the  mechanistic  equations  which  are  discussed  later.  A 
Freundl ich-based  rate  equation  is  reasonable  for  summarizing  the  kinetic 
data.  The  work  of  Deo  et  al  [24]  suggested  that  the  function  of  alumina 
catalyst  is  to  orient  the  physically-absorbed  reacting  molecules.  Since 
it  is  probable  that  only  a  small  fraction  of  these  molecules  are  pro¬ 
perly  oriented  for  reaction,  the  reactive  adsorbed  molecules  would 
correspond  to  a  sparsely  covered  surface  to  which  the  Freundlich  adsorp¬ 
tion  isotherm  may  be  applied. 

The  magnitude  of  the  activation  energy,  7589  cal / 1  gm  mole, 
suggests  that  the  chemical  reaction  is  an  easily  activated  process 
since  activation  energies  for  most  chemical  reactions  are  commonly  in 
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the  range  10,000  to  50,000  calories  per  gram  mole  [18].  For  the  forma¬ 
tion  of  hydrogen  bonds,  activation  energies  range  from  4,000  to  7,000 
calories  per  mole.  Therefore  the  activation  energy  of  the  Claus  re¬ 
action  suggests  that  hydrogen  bonded  molecules  may  be  involved.  Evidence 
has  been  given  [24]  for  the  existence  of  physically  adsorbed,  hydrogen- 
bonded  and  chemisorbed  H^S  and  SO^  on  alumina. 

The  remaining  rate  expressions  in  Table  6.6  were  correlated 
in  an  attempt  to  take  into  account  the  effect  of  water  which  definitely 
retards  the  chemical  reaction  at  high  partial  pressures.  Before  dis¬ 
cussing  the  rate  equations,  it  is  important  to  consider  this  water 
effect  in  conjunction  with  the  postulated  mechanism. 

The  previously  cited  work  of  Maclver  et  al  [74]  indicated 
that  on  y-alumina  water  would  form  hydroxyl  groups  with  dehydroxyl ated 
aluminium  ions  and,  subsequently,  it  would  hydrogen  bond  to  surface 
hydroxyl  groups  after  all  of  the  aluminium  ions  were  hydroxylated.  In 
this  work,  initial  rate  data  tended  to  measure  lower  than  finite  rate 
data  and  it  has  previously  been  suggested  that  water  reaction  product 
autocatalyzes  the  Claus  reaction  at  low  valves  of  reactant  fractional 
conversion.  The  water  injection  experiments  unrefutably  showed  that 
high  water  partial  pressures  retard  the  reaction.  These  observed 
phenomena  are  the  final  pieces  of  information  which  support  the  hydrogen- 
bonded  reactant  theory,  and  they  are  explained  with  the  help  of  the 
Maclver  work.  At  low  levels  of  conversion,  the  water  product  of  reaction 
forms  surface  hydroxyl  groups  which  serve  as  sites  for  hydrogen  bonding 
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H2S  and  SO^.  At  high  conversion  and  correspondingly  high  water  partial 
pressures,  the  water  competes  with  H^S  and  SO^  for  surface  hydroxyl 
groups  since  the  water  also  hydrogen  bonds  to  them.  Thus,  water  re¬ 
tards  the  reaction  by  imposing  this  competition  for  surface  hydroxyl 
groups.  As  was  previously  stated,  it  is  most  probable  that  the  re¬ 
verse  Claus  reaction  rate  is  increased  as  the  water  partial  pressure 
increases.  Therefore  it  is  the  combination  of  site  competition  and 
reverse  reaction  which  causes  the  lowered  apparent  forward  rate  at 
higher  water  partial  pressures. 

The  rate  expressions  shown  in  Table  6.6  which  take  into 
account  the  effect  of  water  have  considerably  larger  confidence  limits 
on  the  reverse  reaction  rate  constant  and  order  than  those  found  for 
the  forward  reaction.  This  reflects  the  relative  amounts  of  kinetic 
data  available  for  correlating  the  forward  and  reverse  reaction  rates. 
Only  eight  runs  were  carried  out  at  conditions  of  high  water  partial 
pressures  where  the  reverse  reaction  would  be  substantial  whereas  for 
data  bank  10,  of  the  32  data  points,  24  observations  were  made  for  the 
forward  reaction  rate  with  negligible  reverse  reaction. 

The  most  comprehensive  rate  expression  which  could  be  fitted 
to  the  data  is  at  the  bottom  of  Table  6.6.  It  has  the  following  form: 

r  =  k,  exp(-E1/RT)(P^Pg-k.1pP)  .  (6.13) 


Again,  the  confidence  limits  on  k.-j  and  p  are  large  and  more  experi- 


=>tit  1  .  to rJ  'it  ■  t  ’  •<« 

•  .  |  •  I  '  '  '  f 

E  £  ^  J  *fllK>r0  6 

i  ■  ■  r:  - 

; 


■ 


138 


mentation  would  be  necessary  to  reduce  them. 

This  expression  is  indeed  empirical  and  implies  that  the 
activation  energy  for  the  forward  and  reverse  reaction  rates  are  equal. 
This  of  course  is  unlikely.  It  is  also  implied  by  this  rate  equation 
that  sulfur  product  does  not  play  a  role  in  the  reverse  reaction  which 
again  is  unknown.  Nevertheless,  the  data  were  too  few  to  permit  esti¬ 
mation  of  the  reverse  reaction  activation  energy  or  the  effect  of 
sulfur  on  the  reverse  reaction.  More  experimentation  would  be  nec¬ 
essary  for  studying  these  parameters. 

The  usefulness  of  the  above  rate  equation  should  not  be  over¬ 
looked  because  it  should  give  reasonable  estimates  of  reaction  rate 
for  reactor  design.  Most  Claus  type  sulfur  plants  incorporate  sulfur 
condensers  between  catalytic  converters  so  sulfur  vapor  partial  pressures 
are  generally  low. 

Since  it  has  been  shown  that  only  the  external  surface  of 
the  catalyst  is  accelerating  the  reaction,  the  form  of  the  rate  ex¬ 
pression  should  be  altered  so  that  the  external  surface  area  of  plant¬ 
sized  catalyst  may  be  incorporated  into  the  equation,  A  suitable  form 
of  equation  (6.13)  would  be 

r  =  (k,  exp(-E1/RT)(P^-k-lpP))  (6.14) 

where  A£p  is  the  specific  external  area  of  catalyst  used  in  the  plant 
and  Aee  is  that  for  the  catalyst  used  in  this  study. 
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6.8.2  Mechanistic  Rate  Models 

Several  different  rate  expressions  which  were  derived  by 
using  the  Langmuir  adsorption  isotherm  were  correlated  to  the  iso¬ 
thermal  data  using  the  Rosenbrock  program.  As  was  previously  mentioned, 
no  rate  expression  was  derived  which  could  correlate  the  data  better 
than  the  empirical  rate  expressions. 

Since  the  adsorption  equilibrium  constants  for  the  first 
two  rate  expressions  shown  in  Table  6.7  are  negative,  it  is  concluded 
that  adsorption  of  either  reactant  to  the  catalyst  surface  is  not 
rate-1 i mi  ting. 

The  three  rate  expressions,  which  Hammar  [44]  found  to  cor¬ 
relate  his  Claus  reaction  kinetic  data  best,  also  fitted  the  rate  data 
of  this  study  reasonably  well.  These  included  2nd  and  3rd  order  re¬ 
action  between  adsorbed  h^S  and  adsorbed  SO^  and  the  third  expression 
was  the  reaction  between  adsorbed  SO^  and  both  fragments. of  a  dis¬ 
sociated  H^S  molecule  adsorbed  on  the  surface.  All  three  of  these 
mechanisms  could  be  equally  well  fitted  by  a  Freundlich-isotherm- 
based  rate  expression  if  the  surface  coverages  were  low. 

No  attempt  has  been  made  to  discriminate  between  the  models 
listed  in  Table  6.7,  however,  as  one  reads  the  list,  at  least  ten  of 
the  rate  expressions  correlate  the  data  better  than  the  rest  as  indi¬ 
cated  by  the  variance  of  the  fit. 
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6.8.3  Reaction  Mechanisms  with  Mutually  Rate-Controlling  Catalytic 
Process  Steps 

Bradshaw  and  Davidson  [7]  successfully  correlated  an  eight- 
parameter  expression  to  ethanol  dehydrogenation  kinetic  data  obtained 
by  Franckaerts  and  Froment.  Their  approach  was  to  assume  that  the 
steps  of  reactant  adsorption,  reversible  surface  reaction,  and  product 
desorption  were  all  taking  place  at  the  same  rate  without  any  single 
step  assumed  to  be  rate-controlling  which,  of  course,  reflects  the 
true  situation  more  closely.  Their  generalized  rate  expression  is 
obtained  by  simultaneous  solution  of  the  nonlinear  algebraic  equations 
which  describe  the  rate  processes.  The  solution  is  given  by 


2A 


The  details  of  what  A,  B  and  C  represent  will  be  described  later. 

One  of  the  problems  which  arise,  in  using  the  above  expression 
as  a  rate  equation,  lies  in  deciding  which  sign  to  use  for  + /B  -  4AC. 
It  was  not  possible  for  Bradshaw  and  Davidson  to  prove  that  one  sign 
is  invariably  correct  for  all  conceivable  parameter  values.  However, 
by  invoking  Descartes'  rule  of  signs  in  conjunction  with  the  macro 
terms  A,  B  and  C,  they  found  that  to  obtain  positive  roots  for  r  the 
negative  sign  worked  in  80%  of  the  cases  when  a  solution  was  possible. 

A  model  which  corresponds  to  surface  reaction  between  ad¬ 
sorbed  HoS  and  S02  with  no  product  inhibition  has  been  developed  in 
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Appendix  F.  It  has  the  following  form, 


where , 


r  = 


-  B 


-  /b2  - 


4AC 


2A 


A  =  ( 


1 


pbm  pam  PaPbM‘ 

+  - 9 - ) 


kAkB  W*  kBD 


D 


B=  (“ 

0 


pbl 

w 


pal  +  2PAPBMS 

+  - 9 - ) 


k‘D 


D 


P  P  \L 

c  -  (~Mk) 

D 


D=  +KAPA+KBPB 


Ka  Kg 

M  =  ]t£+  ttt- 

ka  kb 


For  more  insight  into  the  constants  of  the  above  rate  expression,  the 
reader  should  consult  Appendix  E  of  the  thesis.  For  the  rate  equation, 
six  parameters  were  necessary  and  had  to  be  estimated  by  the  data  corre¬ 
lation  program. 

It  was  very  difficult  to  estimate  these  parameters  since  the 
term  enclosed  by  the  square  root  bracket  would  often  go  negative  re¬ 
gardless  of  the  sign  which  preceded  it  and  consequently  the  computer 
program  would  stop  due  to  this  error  condition.  When  the  square  root 
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term  did  not  go  negative,  the  correlation  routine  would  converge  after 
only  a  few  axes  rotations  on  a  set  of  parameter  estimates  which  did 
not  provide  a  very  low  fit  variance .  This  was  attributed  to  the  highly 
nonunimodal  nature  of  the  error  in  parameter  space.  A  typical  set  of 
results  is  given  below: 


k ^  =  0.228 
kg  =  0.346 

ka  =  0.101 

Kg  =  0.0952 
kQ  =  0.161 
L  =  0.161 

Fit  variance  =  2.08  x  10”3. 

This  expression  does  not  fit  the  data  as  well  as  a  three  parameter 

empirical  expression  which  fits  the  same  data  with  a  variance  of 
-4 

2.57  x  10  .  Of  course  the  overall  rate  expression  with  the  correct 

parameter  estimates  could  likely  do  a  better  correlation  job  than  the 
empirical  equation,  but  the  above  set  of  parameters  and  variance  re¬ 
present  the  best  fit  which  could  be  obtained  after  several  different 
sets  of  initial  guesses  for  the  parameters. 

It  is  concluded  that  overall  rate  expression  correlations 
should  not  be  attempted  without  some  knowledge  of  the  order  of  magni¬ 
tude  of  the  parameters.  Even  then,  the  overall  expression  for  the 
rate  involves  numerous  constants  and  as  suggested  by  Smith  [98]  could 
become  very  unwieldy. 


. 
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6.9  Comparison  of  this  Work  with  the  Results  of  Other  Investigators 

Cormode  [15]  carried  out  thirteen  rate  measurements  on  the 
Claus  reaction  at  507°K  and  1  atm  pressure.  The  feedstream  to  his  re¬ 
cycle  reactor  contained  H2S  concentrations  varying  from  2.2  to  6.3 
mole  percent  and  the  ratio  of  H2S  to  S02  was  maintained  at  2:1  in  all 
runs.  Conversions  of  H2S  ranged  from  0.5  to  2.0%.  He  used  Porocel 
catalyst  which  had  an  average  particle  diameter  of  0.068  cm  compared 
to  the  particle  diameter  of  0.051  cm  which  was  used  in  this  work. 

The  rate  expression,  described  by  Equation  (6.12)  and  cor¬ 
related  to  the  kinetic  data  obtained  in  this  study,  provided  rate 
estimates  for  the  Claus  reaction  at  the  experimental  conditions  in 
Cormode' s  work.  These  rate  estimates  and  the  measured  rates  of 
Cormode  are  given  in  Table  6.8  along  with  the  experimental  conditions 
which  prevailed  while  Cormode  noted  the  reaction  rates. 

In  eleven  of  the  thirteen  cases,  Cormode  has  measured  a 
higher  reaction  rate  than  what  the  empirical  rate  expression  of  this 
thesis  predicted.  This  suggests  that  either  his  catalyst  was  more 
active  than  the  one  used  in  this  study  or  one  of  the  two  programs  had 
a  systematic  error  in  measuring  the  reaction  rate.  Another  possibility 
is  that  the  ratio  of  catalyst  particle  specific  areas  is  not  exactly 
equal  to  the  inverse  ratio  of  the  diameters.  This  is  how  the  A^/A^ 
term  in  the  rate  expression  was  calculated.  If  A^-j/A^^  is  taken  as 
1.0  the  predicted  values  of  reaction  rate  are  higher  than  the  measured 


rates. 
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Table  6.8 


Comparison  of  this 


Reacting  Mixture  Composition 
(mole  percent) 


N2 

h2s 

so2 

h2o 

Sx 

95.10 

2.99 

1.50 

0.34 

0,07 

96.40 

2.20 

1.10 

0.25 

0.05 

95.21 

2.71 

1.39 

0.57 

0.12 

93.95 

3.43 

1  .70 

0.76 

0.16 

93.27 

3.87 

1.96 

0.75 

0.16 

92.20 

4.23 

2.10 

0.80 

0.17 

91.31 

4.88 

2.43 

1.14 

0.24 

91.91 

4.66 

2.35 

0.89 

0.17 

91.29 

4.89 

2.44 

1.14 

0.24 

90.53 

5.38 

2.68 

1.17 

0,24 

89.07 

5.95 

2.92 

1.71 

0.35 

88.34 

6.33 

3.11 

1.84 

0.38 

89.37 

5.75 

2.87 

1.37 

0.28 

Work  with  Other  Results 


Observed  and  Predicted  Percent 
Reaction  Rates  Deviation 

Cormode  Predicted 
Data  Values 

( ( gm  moles)/(hr)/ 

. (.gm  catalyst) ) 


0-0496 

0.0428 

-  13.: 

0.0349 

0.0279 

-  20.0 

0.0459 

0.0369 

-  19.6 

0,0626 

0.0503 

-  19.6 

0.0622 

0.0605 

-  2.7 

0.0672 

C . 0684 

+  1.8 

0,0975 

0.0823 

-  15.6 

0.0760 

0.0783 

+  3.0 

0.0970 

0.0827 

-  14.7 

0.1014 

0.0946 

-  6.7 

0.1490 

0.1068 

-  28.3 

0.1610 

0.1165 

-  27.6 

0.1268 

0.1035 

-  18.4 

i  ! 
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In  view  of  these  uncertainties,  it  is  concluded  that  agree¬ 
ment  between  the  Cormode  data  and  the  empirical  expression  is  satis¬ 
factory.  The  manufacturers  of  the  catalyst  indicate  that  it  varies 
in  composition  according  to  the  source  of  the  bauxite.  The  sample 
which  Cormode  used  was  received  from  the  manufacturer  one  year  earlier 
than  the  sample  which  was  used  in  this  study. 

Using  a  catalyst  of  cobalt,  molybdenum  and  alumina  in  a 

1:1:10  ratio,  Hammar  [44]  investigated  the  kinetics  of  the  Claus  re- 

2 

action.  This  catalyst  had  a  surface  area  of  291  m  /g,  a  pore  radius 
o 

of  20.7  A  and  a  pore  volume  of  0,301  cc/g.  The  catalyst  was  pre¬ 
pared  using  a  precipitated  alumina-water  slurry  in  which  CO (N0^ ) 2  6H20 
and  (NH^)g  .  MO^.^^h^O  salts  were  dissolved.  After  an  unspecified 
period  of  vigorous  mixing,  the  slurry  was  filtered  and  the  filter  cake 
was  dried.  Unfortunately,  the  grain  size  of  the  catalyst  was  not  measured. 

Since  Hammar  observed  no  severe  reduction  in  the  rate  of  the 
Claus  reaction  at  conversions  of  H^S  high  enough  to  cause  capillary 
condensation  in  the  catalyst  pores,  he  concluded  that  the  reaction 
takes  place  predominantly  on  the  external  surface.  The  same  observa¬ 
tion  was  also  made  in  this  investigation. 

Without  knowing  the  particle  diameter  of  Hammar's  catalyst 
it  is  virtually  impossible  to  compare  his  results  with  this  work  in 
a  quantitative  way.  This  is  because  the  units  of  the  reaction  rates 
which  Hammar  published  were  based  on  per  unit  mass  of  catalyst.  If 
rate  was  given  in  terms  of  external  area  rather  than  mass,  his  data 
could  be  compared  to  this  work.  Nevertheless,  it  is  notable  that  the 
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mechanistic  rate  equations  which  correlated  the  data  of  Hammar  best 
also  correlated  our  data  better  than  most  of  the  other  proposed  models. 
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CHAPTER  VII 
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CONCLUSIONS  AND  RECOMMENDATIONS 

7 . 1  Performance  of  Equipment 

The  experimental  apparatus  used  in  the  study  of  the  Claus 
reaction  functioned  well  in  most  respects.  Reactor  feed  composition 
and  flow  rate  control  were  excellent,  and  feed  and  product  composition 
analyses  were  satisfactory  since  the  reactor  material  balance  could 
be  closed  to  within  2%.  The  repeatability  of  experiments  was  good  as 
was  discussed  in  Section  6.4.  Catalyst  bed  temperature  could  be  main¬ 
tained  constant  within  +  0.25°F  of  the  steady  state  average  value. 
However  it  was  difficult  and  time-consuming  to  operate  the  reactor  at 
a  prespecified  temperature.  Usually  the  bed  temperature  could  be 
brought  to  within  2°F  of  the  desired  temperature  and  this  margin  de¬ 
creased  after  more  operating  experience  to  1.5°F. 

The  recycle  pump  proved  to  be  very  reliable  after  at  least 
six  months  of  construction  and  development  time  had  been  spent.  High 
temperature  gas-recycle  reactors  should  be  designed  to  avoid  making 
use  of  heated  gas-moving  equipment.  If  possible  the  gas  should  be 
cooled  before  entering  the  pump  and  heated  upon  leaving  so  that  the 
blower  can  operate  at  room  temperature.  In  this  project  such  an  ap¬ 
proach  would  have  permitted  the  use  of  a  commercially  available  blower 
and  resulted  in  considerable  saving  of  time  and  effort.  Unfortunately, 
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this  method  could  not  be  used  since  it  was  necessary  that  sulfur  not 
condense  at  any  point  in  the  recycle  reactor. 

7.2  Evaluation  of  Measured  Rate  Data 

The  rate  data  measured  on  the  Claus  reaction  were  curve- 
fitted  to  four  empirical  rate  equations.  In  the  experimental  program, 
forward  reaction  rates  have  been  measured  in  the  presence  of  H^S  and 
S02  partial  pressures  which  vary  from  12  mm  Hg  to  62  mm  Hg  and  10  mm  Hg 
to  45  mm  Hg  respectively.  This  covers  the  range  of  industrial  impor¬ 
tance  for  modified  Claus  sulfur  plants  in  which  H^S  partial  pressure 
rarely  exceeds  70  mm  Hg  in  the  first  catalytic  converter. 

It  has  been  confirmed  that  the  reverse  Claus  reaction  is 
important  since  at  high  water  partial  pressure  the  measured  reaction 
rate  was  substantially  lower  than  rates  measured  under  similar  experi¬ 
mental  conditions  except  for  lower  water  partial  pressure.  This  is 
in  agreement  with  the  work  of  Molyneux  et  al  [62]  which  is  discussed 
in  Section  2.2.2.  Hamnar  [44]  has  given  a  qualitative  indication  that 
increased  sulfur  vapor  partial  pressure  severely  retards  the  forward 
rate  of  the  Claus  reaction. 

In  sulfur  plants,  water  vapor  partial  pressure  approaches 
250  mm  Hg.  The  experimental  water  injection  apparatus  when  operated 
at  full  capacity  provided  water  vapor  partial  pressure  of  only  120  mm  Hg. 
In  view  of  the  retarding  effect  of  water,  which  is  quantitatively  ap¬ 
parent  in  the  rate  expressions  described  in  Section  6.8.1  and  Figure 
6.6,  and  of  sulfur  vapor,  the  Claus  reaction  kinetic  studies  reported 
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herein  cannot  be  regarded  as  being  complete.  More  investigation  is 
required  to  quantify  the  inhibition  effects  of  water  and  sulfur  vapor 
in  a  study  which  spans  industrial  conditions.  Only  then  can  a  reli¬ 
able  rate  expression  be  developed  which  is  satisfactory  for  sulfur 
plant  reactor  design.  Later  in  this  chapter,  a  discussion  is  pre¬ 
sented  which  advocates  the  use  of  a  different  catalyst  for  sulfur 
plant  converters. 

The  Claus  reaction  kinetic  data  of  Cormode  [15]  was  the 
only  previous  work  available  with  wnich  one  of  the  rate  expressions 
developed  in  this  study  was  quantitatively  compared.  The  standard 
percent  deviation  between  rates  measured  by  Cormode  and  rates  pre¬ 
dicted  by  the  rate  expression  was  16%.  Generally,  the  data  of  Cormode 
measured  higher  than  the  predicted  rate. 

No  direct  comparison  of  rate  data  could  be  made  with  the 
results  of  Hammar  [44]  since  it  was  proven  in  both  studies  that  re¬ 
action  was  taking  place  predominantly  on  the  external  catalyst  surface 
and  no  particle  diameter  data  was  published  along  with  the  kinetic 
data  measured  by  Hammar.  The  Langmuir-Hinshelwood  kinetic  models 
which  correlated  his  data  best  also  fitted  the  kinetic  data  of  this 
study  better  than  many  of  the  other  attempted  models. 

Experimental  reaction  rate  measurements  were  made  between 
481 °K  and  560°K  which  spans  reported  industrial  converter  operating 
temperatures.  The  activation  energy  for  the  forward  reaction  was  7600 
calories  per  gram  mole.  This  was  determined  by  correlating  the  rate 
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measurements  to  the  following  rate  expression, 

r  =  k1  Exp(-E1/RT)  P^P"  . 

There  has  been  no  nonisothermal  Claus  reaction  rate  data  reported 
in  the  literature  from  which  an  activation  energy  could  be  calcu¬ 
lated  and  compared  to  the  value  reported  herein. 

It  is  concluded  that  the  empirical  rate  expressions, 
which  summarize  the  kinetic  data  obtained  in  this  project,  provide 
reaction  rate  estimates  for  the  Claus  reaction  which  would  fall  with¬ 
in  the  standard  deviation  band  reported  for  each  rate  expression. 

The  basis  for  making  this  conclusion  is  that  reaction  rate  values 
predicted  by  one  of  the  expressions  agreed  with  the  rate  measurements 
of  Cormode  within  its  standard  deviation  band, 

7.3  Reaction  Mechanism 

Deo  et  al  [24]  propose  that  the  function  of  the  catalyst  may 
be  to  bring  the  reactants  together  in  a  suitable  orientation,  most 
probably  through  hydrogen  bonding.  No  inferences  have  been  made  from 
this  work  which  would  dispute  this  mechanism  and  some  of  the  observa¬ 
tions  support  it. 

The  data  could  be  correlated  to  empirical  rate  expressions 
which  have  a  theoretical  basis  in  the  Freundlich  adsorption  isotherm 
at  low  surface  coverages.  This  is  discussed  in  Section  2.3.  Although 
there  is  most  probably  a  high  coverage  of  hydrogen  bonded  H^S  and  SC^ 
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to  surface  hydroxyl  groups,  the  fraction  of  these  which  assume  the 
proper  orientation  for  reaction  would  likely  be  very  low.  It  is  con¬ 
cluded  that  this  surface  situation  simulates  sparse  surface  coverage 
and  validates  the  use  of  Freundlich  adsorption  isotherms  for  formu¬ 
lating  rate  equations. 

The  apparent  activation  energy  of  7589  calories  per  mole 
is  inside  the  range  of  hydrogen  bond  energies  which  span  2.  to  10. 
kilocalories  per  mole  [48].  This  leads  to  the  conclusion  that  the 
apparent  activation  energy  could  be  close  to  the  energy  required  for 
forming  the  hydrogen  bonds  which  Deo  et  al  [24]  report  and  tends  to 
support  their  hypothesis  for  the  reaction  mechanism. 

At  low  partial  pressures  (<10mm  Hg)  water  vapor  appeared 
to  be  exerting  a  slight  auto-catalytic  effect  on  the  reaction  and  at 
higher  partial  pressures  (>  20  mm  Hg)  water  vapor  was  retarding  the 
Claus  reaction.  This  phenomenon  was  discussed  in  Sections  2.2.5  and 
6.7.  Briefly,  water  forms  surface  hydroxyl  groups  on  alumina  (the 
principle  constituent  of  bauxite)  which  is  dehydroxyl ated  and  sub¬ 
sequently  after  no  more  groups  can  be  formed  on  the  surface  [74]  hydrogen 
bonds  to  them.  The  observed  effect  of  water  on  the  Claus  reaction  is 
explained  as  follows.  At  low  partial  pressures  (and  fractional  con¬ 
versions  of  H^S)  its  presence  is  promoting  the  formation  of  surface 
hydroxyl  groups  which  serve  as  reaction  sites  for  H^S  and  SO^.  At 
high  partial  pressures,  water  competes  with  H^S  and  SO^  for  these 
sites  and  thus  retards  the  reaction. 
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7.4  Evaluation  of  the  Catalyst 

Activated  bauxite  catalyst  is  employed  by  a  majority  of 
modified  Claus  sulfur  plants  in  their  catalytic  converters.  The 
practical  problems  which  have  been  experienced  are  attributable  to 
low  mechanical  strength  and  high  iron  content  [16,  62 j  which  is 
characteristic  of  most  commercial  bauxite  catalyst.  The  lack  of 
mechanical  strength  permits  catalyst  fines  to  form  while  converter 
beds  are  filled  and  subsequently  these  fines  plug  process  piping  [16]. 
Bauxite  does  not  stand  up  satisfactorily  to  regeneration  because 
heating  it  to  1000°F  at  1  atm,  which  is  necessary  for  regeneration, 
causes  further  loss  of  mechanical  strength  and  substantial  particle 
disintegration  [62].  The  regeneration  process  is  essentially  a  con¬ 
trolled  sulfur  burning  process.  The  iron  in  bauxite  will  sulfate 
under  sulfur  plant  operating  conditions,  and  the  iron  sulfate  causes 
the  y-alumina  to  sulfate  resulting  in  a  loss  of  activity  [62].  It 
is  therefore  concluded  that  high  iron  content  bauxite  should  not  be 
used  as  Claus  sulfur  plant  catalyst  and  that  grades  of  bauxite  which 
exhibit  superior  mechanical  strength  are  preferable. 

In  Section  6.6  data  were  presented  which  showed  that  the 
Claus  reaction  was  taking  place  predominately  on  the  external  surface 
of  the  catalyst.  Hammar  [44]  concluded  that  the  same  situation  pre¬ 
vailed  on  the  cobalt-molybdenum-alumina  catalyst  which  he  used  for 

studying  the  Claus  reaction.  In  both  cases,  most  of  the  pores  had 

o  o 

diameters  between  20  A  and  30  A  .  It  is  therefore  concluded  that 
the  catalyst  effectiveness  factor  was  well  below  1%  for  the  bauxite 
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and  that  pore  diameters  far  greater  than  30  A  would  be  a  necessary 
prerequisite  for  a  catalyst  to  have  significant  usage  of  its  total 
available  active  surface, 

7.5  Suggested  Processing  Scheme  for  Higher  Sulfur  Recovery 

In  view  of  available  process  technology  and  some  of  the 
findings  of  this  work,  the  author  suggests  that  the  processing  scheme 
which  is  shown  in  Figure  7.1  would  be  more  effective  for  increasing 
sulfur  recovery  above  currently  attainable  levels  of  conversion. 

Higher  conversions  are  possible  because  the  reaction  product,  water, 
is  removed  before  the  final  converter  which  enables  the  reaction 
equilibrium  to  shift  further  to  the  right. 

The  scheme  involves  the  combustion  of  H2S  to  form  SO^  as 
is  typical  of  most  sulfur  plants.  Either  the  split  stream  flow  or 
2/3  by-pass  flow  scheme  can  be  employed.  Furnace  effluent  is  fed  to 
a  small  converter  which  should  contain  a  cheap  catalyst  such  as  bauxite. 
The  function  of  this  catalyst  bed  is  not  only  to  promote  the  Claus  re¬ 
action,  but  also  to  guard  against  carbon  deposition  in  the  second 
converter  by  retaining  carbonaceous  combustion  products  from  the 
burning  process.  This  first  reactor  should  have  the  following  design 
features:  easy  access  to  the  catalyst  bed  for  changing  charges  and, 
thermowells  which  probe  deep  enough  into  the  bed  to  sense  reaction 
temperature.  When  this  catalyst  is  completely  deactivated  as  indi¬ 
cated  by  bed  temperature  rise  measurements,  it  should  be  replaced. 


The  second  catalyst  bed  should  contain  a  high  quality  alumina 
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catalyst  such  as  the  K-201  activated  alumina  recommended  by  Petrunic  [90]. 
This  should  be  a  larger  bed  however,  it  would  not  tend  to  deactivate 
as  rapidly  as  bauxite  [90]  most  probably  because  of  the  lower  iron 
content  [62]  which  should  be  expected  in  a  more  expensive  catalyst. 

From  available  process  data  [90],  it  appears  that  only  the  external 
surface  of  this  catalyst  is  employed  by  the  Claus  reaction. 

Water  is  next  removed  in  the  Townsend  reactor  which  follows 
the  second  converter.  This  would  be  in  the  form  of  a  sieve  plate 
absorption  column  which  would  be  designed  for  fouling  service.  Tri¬ 
ethylene  glycol  would  dehydrate  the  gas  stream  as  it  passed  through 
the  column  and  also  promote  the  Claus  reaction  in  the  liquid  phase. 

Steam  produced  in  the  waste  heat  boiler  could  be  used  for  regenerating 
the  tri ethylene  glycol . 

A  final  conversion  unit  on  the  plant  would  provide  the  final 
conversion  step  for  the  Claus  reaction.  A  heater  would  be  necessary 
to  warm  the  reactants  up  before  the  final  converter  and  it  is  suggested 
that  an  indirect-fired  heater  or  a  steam  condenser  be  used  for  this 
service.  In-line  burners  have  been  used  in  the  past,  but  it  is  this 
author's  opinion  that  they  cause  the  formation  of  impurities  such  as 
CS^,  COS  and  soot  and  water  combustion  products  which  unfavourably 
influence  reaction  kinetics,  equilibrium  and  catalyst  activity. 

The  catalyst  in  this  final  converter  should  be  a  large  pore 

o 

sized  alumina  (in  excess  of  150-200  A)  or  perhaps  a  zeolite.  It  is 
anticipated  that  such  a  catalyst  would  be  more  than  100  times  as  active 
as  bauxite  since  the  internal  surface  area  would  be  available  for  re- 
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action*  It  is  not  expected  that  severe  heat  transfer  problems  would 
develop  because  most  of  the  H^S  would  have  been  converted  to  sulfur 
in  previous  processing  steps.  Therefore  a  very  dilute  acid  gas  stream 
would  be  dealt  with  in  this  reactor. 

Of  course  there  are  many  unanswered  questions  about  such 
a  sulfur  recovery  scheme.  The  economics  could  make  it  prohibitive 
however  it  is  anticipated  that  no  stack  or  incinerator  would  be  re¬ 
quired  for  such  a  plant.  In  many  cases,  the  stack  accounts  for  1/3 
of  the  capital  outlay  for  sulfur  plants.  Impurities  such  as  COS, 

CO^  or  CS2  could  deactivate  the  triethylene  glycol.  Triethyleneglycol 
carry  over  into  the  zeolite  catalyst  bed  could  permanently  poison  it. 

It  is  this  approach  that  is  necessary  to  significantly  con¬ 
tribute  to  "high  efficienty"  (>  99.99%)  sulfur  recovery.  Overall  con¬ 
versions  of  95  and  96%  are  not  sufficient  for  really  large  sulfur 
plants  which  produce  100  tons  of  sulfur  per  day.  The  unrecovered  4% 
of  sulfur  amounts  to  8  tons  per  day  of  S02  emission  and  contemporary 
plant  managers  and  ecologists  are  both  agreeing  that  the  solution  to 
pollution  is  not  dilution  through  the  use  of  high,  expensive  stacks. 
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NOMENCLATURE 

Symbol  Meaning 

A  constant  estimated  by  curve-fitting  conversion-space 

time  data 

A^e  external  surface  area  of  catalyst  used  in  this  experi- 

o 

mental  program  (cm  /gm) 

A^p  external  surface  area  of  catalyst  to  which  rate  expressions 

2 

developed  herein  are  applied  (cm  /gm) 

a. .  number  of  atoms  of  the  jth  kind  in  the  ith  specie 

■  J 

B  constant  estimated  by  curve-fitting  conversion-space  time 

data 

b.  total  number  of  atoms  of  the  jth  type 
J 

C  concentration  (moles/crrf*) 

3 

Cq  bulk  stream  concentration  (moles/cm  ) 

D. .  molecular  diffusivity  of  component  i  in  component  j 

J 

/  2  , 

(cm  /sec) 

2 

Knudsen  diffusion  coefficient  (cm  /sec) 
d  particle  diameter  (cm) 

r 

E. |  activation  energy  (cal/gm  mole) 

Faq  reactor  feed  rate  of  component  A  (gm  mole/sec) 

FF.  reactor  feed  rate  of  component  i  (gm  mole/sec) 

FP.  reactor  product  rate  of  component  i  (gm  mole/sec) 

F ( X)  total  system  free  energy  (cal) 
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f  fugacity  (mm  Hg) 

f.  free  energy  of  component  i  (cal) 

2 

Gj^  molar  velocity  (gm  mole/sec/cm  of  bed  cross-section) 

J  Danckwert's  degree  of  segregation 

K  adsorption  equilibrium  constant 

k  constant 

k-j  forward  rate  constant 

k_.j  reverse  rate  constant 

M.j  molecular  weight  of  component  i 

m  order  or  reaction  with  respect  to  H^S 

2 

N  diffusion  flux  (gm  mole/sec/cm  ) 

NRe  Reynolds  number 

N^c  Schmidt  number 

n  order  of  reaction  with  respect  to  S02 

P  total  pressure  (mm  Hg  or  atm) 

p.j  partial  pressure  of  component  i  (mm  Hg  or  atm) 

p^0  saturated  vapor  pressure  of  component  i  (mm  Hg  or  atm) 

s 

p.  vapor  pressure  of  component  i  at  solid  surface  (mm  Hg  or  atm) 

p  order  of  reaction  with  respect  to  H2O 

Q  total  feed  rate  to  reactor 

R  gas  constant  (1.98  cal/gm  mole/°K) 

R'  recycle  ratio  (ratio  of  recirculation  flow  rate  to  reactor 

feed  flow  rate) 

r  reaction  rate  (gm  mole/hr/gm  catalyst) 

r.  Kelvin  radius  (cm) 


\ 
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r  measured  reaction  rate  (gm  mole/hr/gm  catalyst) 

p 

S  total  surface  area  of  porous  catalyst  (cm  /gm) 

T  temperature  (°K) 

t  time  (sec  or  hr) 

V  geometric  volume  of  catalyst  pellet  (cm  ) 

9 

3 

v.j  molar  volume  of  component  i  (cm  ) 

3 

va  volume  adsorbed  (cm  ) 

vm  volume  adsorbed  to  form  a  monolayer  (cm  ) 

W  weight  of  catalyst  (gm) 

X'  fractional  conversion 

X^-j  fractional  conversion  of  component  A  before  catalyst  bed 

X^  fractional  conversion  of  component  A  after  catalyst  bed 

x1  C/CQ 

x. ,y.  number  of  moles  or  mole  fraction  of  component  i  (depending 
on  application) 

3c,y  total  number  of  moles 

AH  heat  of  reaction  (K  cal/gm  mole) 

0  porosity  (void  fraction) 

0'  recycle  reactor  residence  time  (sec) 

^  fraction  of  solid  surface  covered  by  component  i 

\i  chemical  potential 

p'  distance  from  centre  of  catalyst  pellet  (cm) 

Pq  catalyst  pellet  radius  (cm) 

a  surface  tension  (dyne/cm) 
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O] 2  Lennard  Jones  force  constant 

t  tortuosity 

ft  collision  integral  for  diffusion 

3 

molar  volume  of  liquid  (cm  /g  mole) 
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CHAPTER  I 
INTRODUCTION 


1 .1  Data  Acquisition  and  Control 

The  use  of  online  digital  computers  for  process  monitoring 
and  control  in  industrial  and  research  applications  is  a  very  rapidly 
expanding  field„  Fortunately,  even  in  its  infancy,  online  computer 
technology  is  being  described  extensively  in  the  literature. 

Fehr  (3)  reported,  in  his  M.Sc.  thesis,  numerous  literature 
references  concerned  with  practical  problems  that  online  computers 
pose  such  as  online  computer-process  interfacing  and  data  acquisition 
and  control  software.  This  thesis  provides  an  excellent  starting-point 
for  an  introduction  to  this  subject. 

In  the  realm  of  online  computer  applications  in  laboratory 
work,  the  analytical  chemist  is  adapting  and  using  this  new  tool  with 
success  and  enthusiasm.  A  recently  published  monograph  (4),  "Computers 
in  Analytical  Chemistry",  reports  on  laboratory  computers  and  their  use 
in  the  field  of  mass  spectrometry ,  X-ray  spectography ,  NMR  spectrometry, 
gas  chromatography  and  infrared  spectrometry.  A  wealth  of  information 
is  available  from  the  articles  and  bibliographies  which  comprise  this 
textbook. 

A  1968  staff  article  in  Chemical  Processing  reports  that  an 
Argus  400D  computer  has  been  successfully  interfaced  to  a  research  re¬ 
actor  for  studying  the  thermal  cracking  of  carbon  tetrachloride.  The 
function  of  the  computer  was  to  bring  the  experimental  equipment  to  pre- 
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specified  operating  conditions  and  maintain  it  there  while  measurements 
were  being  taken.  Controlled  variables  included  reaction  temperature 
and  pressure,  individual  feed  rates  to  the  reactor,  and  the  operation 
program  of  a  process  gas  chromatograph.  Only  the  product  stream  com¬ 
position  was  measured  by  the  GC  whose  thermal  conductivity  signal  was 
monitored  three  times  per  second. 

1 .2  Objectives  and  Approach  of  this  Work 

The  objective  of  this  study  was  to  provide  a  process/computer 
interface  and  software  scheme  whereby  kinetic  data  for  the  H^S/SO^  re¬ 
action  systems  could  be  obtained  accurately,  online  and  reduced  to 
meaningful  results  within  seconds  of  the  completion  of  an  experiment. 
Furthermore  it  was  also  hoped  to  demonstrate  the  operation  of  an  online 
reactor  and  to  provide  a  basis  for  evaluating  the  feasibility  of  using 
it  extensively  in  future  research  endeavours. 

The  approach  taken  aimed  at  achieving  these  objectives  as 
simply  as  possible.  Communication  from  the  research  laboratory  to  the 
computer  was  made  possible  through  the  use  of  four  coding  buttons  and 
a  fifth  one  for  interrupting  the  computer.  Information  from  the  com¬ 
puter  was  printed  out  on  an  IBM  1053  typewriter  located  in  the  laboratory. 

The  interface  hardware  involved  terminal  strips  on  the  back 
of  the  main  control  module  on  the  stand  alone  system  connected  by  an 
appropriate  cable  to  the  back  of  the  computer.  The  cable  distance 
covered  roughly  300  feet  through  two  inch  conduit. 

The  software  for  data  reduction  was  almost  the  same  as  for 
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the  offline  data  reduction  programs  and  therefore  only  minor  programming 
changes  were  necessary  in  adapting  the  latter  to  online  needs.  Addi¬ 
tional  programs  were  necessary  for  reading  the  coding  buttons,  queuing 
the  appropriate  data  reduction  program,  storing  raw  and  reduced  data 
on  disk  files,  file  housekeeping,  and  providing  information  flow  to 
the  laboratory  typewriter.  An  IBM-developed  gas  chromatograph  monitoring 
package  of  programs  was  found  to  be  unworkable  after  substantial  effort 
by  Mr.  P.  Coxhead,  DACS  centre  personnel  and  this  author.  It  was  re¬ 
placed  by  a  more  simple  scheme  originally  devised  by  Mr.  M.W.  Berry  (1) 
and  modified  for  this  application  by  the  author. 
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CHAPTER  II 

ONLINE  DATA  ACQUISITION  FROM  THE  RECYCLE  REACTOR 

2.1  Communication  Between  the  Computer  and  the  Laboratory 

A  form  of  remote  communication  between  the  experimental  apparatus 
and  the  IBM  1800  was  essential  since  the  two  facilities  were  situated  on 
different  floors  of  the  building.  The  nature  of  the  experimental  apparatus 
required  the  full-time  presence  of  an  operator  if  an  experimental  run  was 
to  be  successful.  It  was  also  necessary  to  issue  instructions  to  the 
computer  during  a  run  if  online  data  acquisition  and  reduction  was  to 
be  effective. 

Four  button  switches  for  coding  and  a  fifth  one  for  interrupting 
the  computer  served  as  communication  from  the  laboratory  to  the  computer 
and  provided  the  operator  with  fourteen  different  possible  codings  and 
associated  programmeable  commands.  The  backlight  of  the  interrupt  button 
would  go  on  when  the  computer  had  begun  to  service  the  interrupt  and  would 
go  out  when  the  instruction  coded  on  the  other  four  button  switches  had 
been  carried  out. 

An  IBM  1053  typewriter  was  used  primarily  as  a  verification 
device  which  printed  out  messages  in  the  laboratory.  The  printout  from 
the  1053  indicated  what  instruction  had  been  executed  after  an  interrupt 
had  been  received  by  the  computer  from  the  laboratory.  Also,  the  1053 
would  print  out  a  warning  message  if  there  had  just  been  a  computer 
failure  of  a  severe  nature.  Figure  2.1  shows  the  flow  of  information  be¬ 
tween  the  process  and  the  data  acquisition  system. 
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FIGURE  2.1:  FLOW  OF  INFORMATION  BETWEEN  THE  PROCESS 

AND  THE  DATA  ACQUISITION  SYSTEM 
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2 . 2  Recycle  Reactor-Computer  Interface 

A  nineteen  individually  twisted  shielded-pair  22  gauge  copper 
wire  cable  was  run  through  two-inch  conduit  from  the  laboratory  to  the 
computer  room,  a  distance  of  roughly  275  feet.  A  record  of  the  con¬ 
nections  which  were  made  is  given  in  Table  2.1. 

Noise  problems  were  not  anticipated  however,  the  following 
procedures  were  carried  out  to  check  if  significant  electrical  inter¬ 
ference  did  exist  over  the  300  feet  between  the  two  ends  of  the  cable. 

Using  a  Leeds  and  Northrup  model  8686  millivolt  potentiometer,  a  one 
millivolt  signal  was  placed  on  one  of  the  pairs  at  the  laboratory.  In 
the  computer  room,  another  potentiometer  was  used  to  measure  the  signal. 

No  fluctuations  or  drop  in  voltage  of  this  signal  was  observed  at  the 
second  potentiometer.  Also  in  the  computer  room,  this  1  millivolt  dc 
signal  was  monitored  by  a  high  speed,  high  sensitivity  Beckman  model  6-D 
Dynograph  for  high  frequency  noise.  Again,  no  electrical  interference 
could  be  detected. 

As  indicated  in  Table  2.1,  the  process  measurements  to  be  monitored 
by  the  computer  were  millivolt  signals  in  the  0-50  millivolt  range  and 
voltage  signals  in  the  0-5  volt  range.  The  millivolt  channels  were  used 
for  the  i ron-cons tantan  thermocouple  signals  which  were  all  zero  referenced 
in  the  laboratory  and  sent  up  to  the  computer  via  copper  wire.  Figure  2.2 
depicts  the  configuration  of  the  thermocouple-computer  interface.  This 
approach  was  used  instead  of  using  the  electronic  zero  referencing  facility 
at  the  computer  so  that  the  use  of  thermocouple  extension  wire  could  be 
avoided.  As  a  result,  the  cable  could  be  used  at  a  later  date  for  any 
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FIGURE  2.3:  FOXBORO  RECORDER-COMPUTER  INTERFACE 
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Table  2.1 

Computer  Interface  Points 


Computer 
Pin  No. 

Pin 

Description 

Pin 

Address 

Unit 

Serviced 

Wi  re 
+ve 

Colour 

-ve 

02 

0-20  MVAI 

75 

G.C.  Detector 

Red 

Green 

03 

0-20  MVAI 

67 

Rctr.  Bed  Temp. 

Blue 

Black 

05 

0-20  MVAI 

69 

Rctr.  Wall  Temp. 

Orange 

Green 

10 

0-20  MVAI 

74 

FI.  Bath  Temp. 

Green 

B1  ack 

60 

0-50  MVAI 

60 

G.C.  Temp. 

Red 

Wh  i  te 

61 

0-50  MVAI 

61 

Rctr.  Feed  Temp. 

B1  ue 

White 

34 

0-5  VAI 

34 

D/P  Cell 

Blue 

Red 

36 

0-5  VAI 

36 

Abs.  Press.  Feed 

Yellow 

Red 

37 

0-5  VAI 

37 

Abs.  Press.  Rctr. 

Yellow 

Black 

0 

D3  (1801) 

070 

Code  Button 

Orange 

B1  ack 

1 

D3  (1801) 

070 

Code  Button 

Red 

Brown 

2 

D3  (1801) 

070 

Code  Button 

Green 

Wh  i  te 

3 

D3  (1801) 

070 

Code  Button 

Red 

Orange 

4 

B3  (1826) 

GP3ADP1 

Interrupt  Button 

Brown 

Black 
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type  of  process  measurement. 

The  0-5  volt  channels  were  used  for  monitoring  the  10-50  mill i - 
ampere  signal  which  drives  the  Foxboro  recorder  pens.  The  procedure  here 
was  to  place  a  100  ohm  resistor  (+  1%)  in  series  with  the  signal  and  the 
voltage  drop  across  the  resistor  (1-5  volts)  was  read  by  the  computer. 
Figure  2.3  shows  the  configuration  of  this  interface. 

The  five  buttons  which  were  used  for  communicating  from  the 
laboratory  to  the  computer  were  interfaced  to  the  computer  as  indicated 
in  Figure  2.4.  These  were  Honeywell  7A1CC  alternate  action  two  pole 
switches.  The  four  coding  buttons  on  the  left  in  Figure  2.4  were  wired 
so  that  the  button  back  lights  would  illuminate  when  the  button  was  de¬ 
pressed  and  the  coding  contact  was  made.  The  interrupt  button  light  was 
wired  to  an  electronic  contact  operate  (ECO)  unit  on  the  computer  so 
that  the  on-off  status  of  this  light  could  be  programmed.  A  20  volt 
1  ampere  capacity  power  supply  unit  was  fabricated  to  provide  current 
for  the  button  lights. 

The  four  coding  buttons  were  tied  into  the  first  four  bits  of 
a  digital  input  group  on  the  computer.  The  fifth  button  was  connected 
to  an  interrupt  on  the  computer  which  when  activated  caused  a  program 
to  read  the  coding  on  the  other  four  buttons  as  well  as  close  the  circuit 
ECO  which  illuminated  the  light  in  the  back  of  this  button.  When  the 
program  which  corresponded  to  the  button  coding  had  finished  its  execu¬ 
tion,  the  ECO  was  opened  and  the  interrupt  button  light  would  go  off. 

The  computer  pin  labels  and  location  are  provided  in  Figure  2.4. 
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Buttons 


Computer 


C  -  Code  Button 
I  -  Interrupt  Button 


FIGURE  2.4:  ELECTRICAL  DIAGRAM  OF  COMPUTER- 

BUTTON  INTERFACE 
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The  output  signal  of  the  thermal  conductivity  cell  in  the  gas 
chromatograph  was  wired  to  a  0-20  millivolt  analogue  input  channel  on 
the  1800.  Accordingly,  the  attenuators  on  the  process  gas  chromato¬ 
graph  were  adjusted  to  prevent  overdriving  the  maximum  range  of  the 
channel . 

For  computer  monitoring  of  a  gas  chromatograph,  it  was 
essential  that  the  act  of  sample  injection  be  tied  into  the  monitor 
software  on  a  real  time  basis  that  was  reasonably  repeatable.  This 
was  necessary  because  the  user  had  to  "a  priori"  specify  to  the  monitor 
routine  the  absolute  retention  time  of  the  reference  peak  and  the  time 
bands  between  which  the  peaks  would  come  off.  The  real  time  linkage 
was  achieved  by  making  use  of  an  ECO  on  the  computer  to  close  and  open 
the  circuit  which  initiated  the  motor  drive  on  the  gas  chromatograph 
cam  system  programmer.  An  electrical  diagram  for  this  interface  is 
shown  in  Figure  2.5.  One  of  the  cams  on  the  programmer  (timer  control) 
closes  another  microswitch  which  sustains  provision  of  power  to  the 
cam  system  motor  drive  after  the  ECO  cuts  out.  At  the  end  of  the  pro¬ 
grammer  cycle  this  microswitch  opens  and  the  cam  system  comes  to  rest 
at  the  same  place  from  which  the  cycle  was  initiated.  Only  when  the 
computer  closes  the  ECO  again  will  the  cycle  restart,  and  the  time  at 
which  this  occurs  is  known  to  the  computer.  Since  sample  injection  is 
controlled  at  a  specific  point  in  the  programmer  cycle  by  a  cam,  the 
real  time  linkage  was  possible. 
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2.3  Software  Schemes 

2.3.1  Software  Implementation  of  Data  Acquisition 

Process  measurements  such  as  temperatures,  absolute  pressures, 
and  orifice  differential  pressures  were  monitored  every  sixty-four 
seconds  throughout  the  course  of  a  run  and  a  maximum  of  thirty  data 
points  per  run  could  be  stored.  Only  a  small  amount  of  user  computer 
programming  was  required  to  institute  data  acquisition  which  was  done 
through  the  use  of  loop  records. 

2. 3. 1.1  Loop  Records 

A  loop  record  is  the  standard  means  by  which  the  user  can 
provide  the  computer  with  the  specifications  to  be  imposed  on  a  control 
loop  in  a  process  or  on  computer  monitoring  of  a  process  measurement. 

In  the  case  of  data  acquisition,  two  loops  can  be  used  for  each  process 
variable  to  be  measured.  The  first  is  a  data  acquisition  loop  which 
obtains  the  measurement  and  the  second  is  a  data  accumulation  loop  in 
which  a  number  of  these  measurements  may  be  stored.  A  list  of  the  in¬ 
formation  which  the  user  supplies  to  the  computer  to  "build  a  data 
acquisition  loop"  is  given  in  Table  2.2.  The  coding  which  was  used 
for  this  project  is  also  included  as  well  as  the  information  specified 
by  the  coding.  A  computer  listing  of  the  eight  data  acquisition  loops 
which  were  built  is  given  in  Table  2.3.  Finally,  the  same  approach 
is  used  to  describe  the  data  accumulation  loops  in  Tables  2.4  and  2.5. 
Note  that  the  example  given  for  the  data  accumulation  loop  is  the 
one  which  stores  the  measurements  collected  by  the  example  used  for  a 
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data  acquisition  loop. 

A  documentation  of  the  reactor/ computer  interface  wiring  is 
provided  in  Table  2.1  and  Table  2.6  lists  the  loop  record  numbers  and 
computer  pin  addresses  which  were  applied  to  the  process  measurements 
taken  from  the  recycle  reactor.  The  scanning  frequency  of  all  process 
measurements  was  64  seconds  except  for  the  thermal  conductivity  cell 
signal  which  was  scanned  every  second. 

2.3.2  Supervisory  Software 

Computer  listings  of  all  the  software  which  was  necessary 
are  given  in  Appendix  A.  Two  disk  resident  Fortran  programs  called 
DM001  and  DM002  were  developed  to  perform  the  tasks  necessary  to  achieve 
online  data  acquisition  and  reduction  capabilities  in  the  user  appli¬ 
cation  sense.  Both  programs  relied  heavily  on  other  system  software 
which  will  not  be  dealt  with  extensively  herein. 

Three  Assembler  programs  were  written  by  the  DACS  centre 
staff  to  interface  the  laboratory  coding  buttons  with  DM001  and  DM002. 

A  skeleton  subroutine  called  PNT05  responds  to  the  laboratory  interrupt 
button  and  queues  PIC05.  PIC05  reads  the  specified  digital  input  group 
(i.e.  the  coding  on  the  four  coding  buttons)  and  queues  DM001  or  DM002 
dependent  upon  the  value  of  the  high  order  bit  (i.e.  the  status  of  one 
of  the  coding  buttons;  on  or  off).  The  value  of  the  remaining  bits  is 
saved  for  interrogation  by  BTNSW,  which  is  the  third  program  developed 
by  the  DACS  center.  BTNSW  is  queued  by  either  DM001  or  DM002  depending 
on  which  was  queued  by  PIC05  and  the  value  of  theremaining  bits  (i.e.  the 
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Table  2.3 

Data  Acquisition  Loop  Records  -  Listing 


010101 

C00F 

600F+00067 

0000 

010102 

7FFF 

3000 

7FFF 

0000 

010201 

COOF 

600F+00069 

0000 

010202 

7FFF 

3000 

7FFF 

0000 

010301 

COOF 

600F+00074 

0000 

010302 

7FFF 

3000 

7FFF 

0000 

010401 

COOF 

600F+00060 

0000 

010402 

7FFF 

3000 

7FFF 

0000 

010501 

COOF 

600F+00061 

0000 

010502 

7FFF 

3000 

7FFF 

0000 

010601 

COOF 

600F+00036 

0000 

010602 

7FFF 

3000 

7FFF 

0000 

010701 

COOF 

600F+00037 

0000 

010702 

7FFF 

3000 

7FFF 

0000 

010801 

COOF 

600F+00034 

0000 

010802 

7FFF 

3000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 

9100+20000 

0000 

0000 

0000 

7FFF 

0000 
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Table  2.5 


Data 

Accumulation  Loop 

Records  - 

Listing 

011101 

0625 

6008 

0101 

0000 

0000 

0000 

011201 

0625 

6008 

0102 

0000 

0000 

0000 

011301 

0625 

6008 

0103 

0000 

0000 

0000 

011401 

0625 

6000 

0104 

0000 

0000 

0000 

011501 

0625 

6008 

0105 

0000 

0000 

0000 

011601 

0625 

6008 

0106 

0000 

0000 

0000 

011701 

0625 

6008 

0107 

0000 

0000 

0000 

011801 

0625 

6008 

0108 

0000 

0000 

0000 

. 
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Table  2.6 

Loop  Record  Names  and  Purposes 


Loop  Record 
Number 

Computer  Pin 
Address 

Purpose  of  the  Loop 

Record 

0101 

67 

Acquire  reactor  bed 
temperature 

0102 

69 

Acquire  reactor  wall 
temperature 

0103 

74 

Acquire  fluidized  bath 
temperature 

0104 

60 

Acquire  G.C.  temperature 

0105 

61 

Acquire  feed  temperature 

0106 

36 

Acquire  feed  absolute 
pressure 

0107 

37 

Acquire  reactor  absolute 
pressure 

0108 

34 

Acquire  feed  d/p  cell  reading 

0109 

Acquire  thermoconductivity 
cell  signal 

0111 

Accumulate  data  from  loop 

0101 

0112 

Accumulate  data  from  loop 

0102 

0118 

Accumulate  data 
0108 

from  loop 

0119 

Accumulate  data 

from  loop 

0109  and  buffer 

to  disk 
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coding  on  the  buttons)  is  used  to  direct  command  to  a  particular  part 
of  the  queued  coreload  for  execution. 

The  tasks  to  which  DM001  has  access  include  supervision  of 
loop  records,  disk  files  and  reduction  of  process  measurements  and 
kinetic  data.  Dependent  upon  the  laboratory  button  coding,  the  follow¬ 
ing  commands  are  executed  by  DM001: 

(i)  Turn  loop  records  on 

(ii)  Turn  loop  records  off 

(iii)  Extract  data  from  accumulation  records  and  files,  reduce 
it,  and  store  it  on  files 

( i v )  Zero  accumulation  records 

(v)  Execute  data  file  house  keeping  procedures  . 

Turning  a  loop  record  on  or  off  and  zeroing  an  accumulation  record  are 
relatively  simple  to  program  by  using  system  subroutines,  OPER,  NONOP 
and  RSLP,  respectively.  The  programming  technique  is  available  in  the 
listing  of  DM001.  Extraction  of  data  from  accumulation  records  involves 
the  use  FNDLP  and  LPAD  system  subroutines  and  an  understanding  of  loop 
record  configuration  which  must  be  learned  from  system  documentation. 
Similarly,  recovery  of  data  from  disk  files  and  disk  file  housekeeping 
work  can  be  programmed  in  Fortran  by  the  user  and  the  techniques  are 
shown  in  the  program  listing. 

The  reduction  of  data  which  is  performed  by  DM001  is  calcu¬ 
lated  in  virtually  the  same  fashion  as  in  the  offline  mode  which  has 
been  described  in  Part  I  of  this  thesis.  In  fact,  90%  of  the  offline 
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data  reduction  program  has  been  incorporated  into  DM001  for  this  purpose. 
Calibration  coefficients  had  to  be  altered  for  the  online  program  and 
these  were  shown  in  Appendix  A  of  Part  I.  The  necessary  GC  data  for 
data  reduction  were  recovered  from  disk  files  and  the  way  in  which 
these  data  were  determined  is  dealt  with  later. 

The  three  disk  files  which  were  used  will  now  be  described. 

FILE  80  provided  storage  space  for  reduced  analog  measurement  data 
which  is  recovered  for  run  documentation  when  output  is  desired.  FILE 

81  was  a  temporary  storage  file  for  chromatogram  area  measurements. 

DM001  called  on  this  file  when  in  the  process  of  data  reduction.  FILE 

82  was  a  storage  file  for  reduced  kinetic  data.  DM006,  which  was  an¬ 
other  disk  resident  Fortran  program,  could  be  queued  upon  demand  while 
in  the  computer  room.  This  program  would  read  the  data  files  and  print 
the  run  documentation  on  the  line  printer  and  punch  the  results  on 
cards  for  future  machine  reproduction. 

DM002  carried  out  the  following  operations,  again  depending 
on  the  button  coding  in  the  laboratory: 

(i)  Initiate  CG  monitoring  and  control 

(ii)  Terminate  GC  monitoring 

(iii)  Label  chromatogram  results  on  disk  files  (i.e.  feed 
or  product) 

(iv)  Indicate  the  attenuation  level  of  the  H^S  peak  (Ng  and 
SO2  attenuations  were  constant). 

GC  monitoring  software  was  devised  such  that  after  it  had  been  initiated, 
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the  appropriate  coreload  would  requeue  itself  every  seven  minutes  which 
became  the  cycle  time  of  the  process  GC.  Termination  of  GC  monitoring 
prevented  this  cycle  from  continuing.  This  software  is  dealt  with 
later.  After  a  GC  run  was  completed,  it  was  necessary  to  tell  the 
computer  which  of  the  feed  or  product  streams  had  been  analyzed.  This 
was  done  by  entering  the  appropriate  coding  at  the  end  of  each  GC  run. 
Similarly  the  h^S  attenuation  level  was  required  for  proper  GC  data 
analysis  and  this  also  was  entered  through  the  coding  buttons. 

Both  DM001  and  DM002  were  programmed  to  type  on  the  1053  type¬ 
writer  which  was  located  in  the  laboratory.  This  was  very  useful  for 
confirming  that  the  operation  which  was  requested  by  the  coding  buttons 
had  actually  been  performed  by  the  computer.  Also,  DACS  centre  per¬ 
sonnel  had  a  system  program  which  would  relay  warnings  to  the  laboratory 
typewriter  if  the  computer  was  having  stability  problems  which  could 
jeopardize  the  success  of  online  data  acquisition  and  reduction  of  an 
experiment. 

2.3.3  Gas  Chromatograph  Monitoring  Program 

As  was  stated  in  the  Abstract,  a  reliable  gas  chromatograph 
monitoring  package  of  programs  was  not  available  for  this  project.  Mr. 
P.  Coxhead,  in  his  M.Sc.  thesis  (2),  modified  a  generalized  set  of  "IBM" 
written  programs  so  that  it  would  simultaneously  monitor  four  gas 
chromatographs  on  the  University  of  Alberta  IBM  1800  computer.  Pursuant 
to  Mr.  Coxhead 's  efforts,  this  author,  with  considerable  assistance 
from  University  of  Alberta  DACS  Centre  personnel  and  an  IBM  systems 
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engineer,  spent  four  months  attempting  to  utilize  the  revised  software. 

The  effort  was  unsuccessful  and  IBM  made  the  decision  to  commit  them¬ 
selves  to  reorganizing  and  condensing  their  GC  software  package  which 
consisted  of  no  fewer  than  108  separate  coreloads. 

Independent  of  the  IBM  GC  system,  Mr.  M.W.  Berry  (1)  deve¬ 
loped  a  GC  monitoring  scheme  which  was  adequate  for  a  particular 
distillation  column  control  application,  but  was  intolerably  inaccu¬ 
rate  for  use  in  this  author's  kinetic  study.  The  problem  was  that 
the  highest  attainable  scanning  frequency  of  the  thermal  conductivity 
cell  signal  was  one  point  per  second.  A  ten  points  per  second  scanning 
rate  was  necessary  to  achieve  accurate  integration  of  the  N2  and  H^S 
peaks,  which  were  much  sharper  than  those  in  Mr.  Berry's  application. 

However,  his  program  was  modified  and  adapted  for  demonstration  pur¬ 
poses  to  the  software  scheme  used  in  this  study.  The  modified  version 
was  called  DMGC. 

Fundamental  to  integrating  chromatogram  peak  areas  while 
online  is  the  necessity  to  provide  the  computer  with  the  capability 
of  recognizing  the  start  and  end  of  a  chromatogram  peak.  This  has 
been  achieved  by  examining  the  derivatives  of  the  thermal  conductivity 
cell  signal  with  respect  to  time.  The  relationships  between  a  chromato¬ 
gram  peak  and  its  derivatives  are  shown  in  Figure  2.6  and  are  self-explanatory. 
The  behaviour  of  the  derivatives  are  used  to  detect  the  beginning  and 
end  of  a  peak  as  shown  in  Table  2.7. 
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FIGURE  2.6:  RELATIONSHIP  BETWEEN  CHROMATOGRAPH  PEAK 

AND  THE  CURVE  DERIVATIVES 
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Table  2.7 


Signal 

Derivative  Behaviour 

wi  th 

GC  Peak  Events 

Event 

First  Derivative 
Behaviour 

Second  Derivative 
Behaviour 

Peak  Start 

0  -►  +  ve 

0  -*  +  ve 

Peak  Maximum 

+  ve  -  ve 

minimum 

Peak  Finish 

-  ve  -*■  0 

+  ve  -*  0 

Peak  areas  were  integrated  numerically  using  Simpson's  Rule. 

To  improve  the  accuracy  of  the  integration  at  the  apex  of  the  sharp 

and  H^S  peaks,  a  short  subroutine  called  APEX  was  added  to  Mr.  Berry's 
program.  APEX  curve  fitted  the  last  three  points  before  a  peak  maximum 
to  a  line  in  order  to  obtain  the  slope  and  similarly  the  first  three 
points  after  a  peak  maximum.  From  the  slopes  of  these  lines,  the  apex 
area  which  lay  between  the  last  point  before  a  peak  maximum  and  the  first 
point  after  the  maximum  could  be  determined.  This  procedure  was  essential 
even  for  demonstration  purposes.  Area  correction  to  compensate  for 
baseline  drift  of  the  GC  was  also  provided  in  the  original  program.  Since 
this  program  is  documented  in  Mr.  Berry's  M.Sc.  thesis  (1),  the  reader 
is  directed  to  this  reference  for  a  more  detailed  explanation  of  the 
operation  of  the  program. 

The  thermal  conductivity  cell  signal  was  monitored  at  one  point 
per  second  and  temporarily  stored  in  a  data  accumulation  record  which 
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periodically  buffered  its  contents  to  disk.  The  monitoring  started  when 
the  appropriate  section  of  DM002  was  executed.  This  part  of  DM002  was 
also  responsible  for  closing  the  ECO  on  the  computer  which  started  the 
process  GC  programmer  operating.  Also,  by  using  system  subroutines 
DEFER  and  QUEUE,  DM002  at  this  point  was  arranging  for  DMGC  to  be 
queued  at  the  end  of  the  programmer  cycle  seven  minutes  later.  When 
DMGC  was  executed  at  the  end  of  the  cycle,  it  recovered  the  numerical 
version  of  the  thermal  conductivity  cell  signal  from  disk  buffer  files 
using  system  subroutine  NIGBD  and  disk  FILES  83  and  84.  DMGC  with  its 
subroutines  reduced  the  data  to  peak  area  measurements  and  transferred 
these  results  to  FILE  81  for  later  use  by  the  data  reduction  section  of 
DM001 . 
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CHAPTER  III 

OPERATION  OF  THE  RECYCLE  REACTOR  ONLINE 

The  procedure  for  operating  the  recycle  reactor  online  was 
the  same  as  that  described  in  Part  I.  After  the  equipment  was  operating 
at  steady  state  with  the  desired  set  of  process  variables,  the  buttons 
in  the  laboratory  were  given  the  appropriate  codes  and  the  computer  would 
execute  the  operating  commands  upon  demand  from  the  interrupt  button. 

A  typical  run  required  the  following  instructions  to  be  entered  by  the 
coding  buttons  and  the  computer  would  send  the  corresponding  message 
of  confirmation  (between  asterisks)  back  to  the  laboratory  via  the 
1053  typewriter: 

(i)  Turn  loop  records  off 

***L00P  RECORDS  ARE  OFF*** 

(ii)  Zero  loop  records 

***L00P  RECORDS  ARE  ZEROED*** 

(iii)  Initialize  GC  area  file 

***GC  FILE  INITIALIZED*** 

( i v )  Initialize  analog  data  file 

***ANAL0G  MSMT.  DATA  FILE  CLEARED*** 

(v)  Initialize  kinetic  data  storage  file 

***KINETIC  DATA  STORAGE  FILE  CLEARED*** 

(vi)  Turn  loop  records  on 

***L00P  RECORDS  ARE  ON*** 
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(vii)  Initiate  GC  monitoring 

***GC  NOW  BEING  SCANNED*** 

At  this  stage  the  computer  would  start  the  process  GC  programmer  which 
controlled  sample  injection,  output  signal  attenuation  changes,  and 
back  flushing.  At  the  end  of  the  chromatogram,  DMGC  would  analyze  and 
reduce  the  data  to  area  measurements,  send  the  results  to  FILE  81  and 
restart  the  programmer.  Again,  another  ***GC  NOW  BEING  SCANNED*** 
message  would  be  sent  to  the  laboratory  typewriter.  Enough  space  was 
provided  in  FILE  81  for  eight  sets  of  GC  results,  however  a  typical 
run  would  only  require  two  sets  of  results;  two  feed  analyses  and  two 
product  analyses.  Following  these  four  analyses,  the  commands  which 
remained  were: 

(viii)  Turn  loop  records  off 

***L00P  RECORDS  ARE  OFF*** 

(ix)  Enter  b^S  attenuator  reading 

***H2S  ATTENUATION  =  9.4*** 

(x)  Label  chromatograms  (feed  =  1,  product  =  2) 

***CHR0MAT0GRAM  LABELLED  1*** 

***CHR0MAT0GRAM  LABELLED  1*** 

***CHR0MAT0GRAM  LABELLED  2*** 

***CHR0MAT0GRAM  LABELLED  2*** 

(xi)  Reduce  the  measurements  to  kinetic  data 

***DATA  REDUCTION  COMMENCING*** 

***N0.  ANALOG  DATA  SAMPLES  IS  22*** 

***N0 .  RUNS  STORES  IS  1*** 

***DATA  REDUCTION  COMPLETED*** 

***GC  AREA  STORAGE  FILE  CLEARED*** 

After  such  an  online  run  was  completed,  subsequent  experi- 
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merits  required  only  the  following  commands: 

(i)  Zero  loop  records 

(ii)  Turn  loop  records  on 

(iii)  Initiate  GC  monitoring 

Run  the  experiment  to  completion 

(iv)  Turn  loop  records  off 

(v)  Enter  H^S  attenuator  reading 

(vi)  Label  chromatograms 

(vii)  Reduce  the  data 

Sufficient  storage  space  was  available  to  allow  the  kineticist  to 
carry  out  eight  experiments  without  having  to  leave  the  laboratory. 

The  stored  kinetic  data  were  recovered  in  the  computer  room 
where  DM006  could  be  executed  by  queuing  it  from  one  of  the  1816  type¬ 
writers.  DM006  would  read  the  files,  print  the  results  on  the  line 
printer  and  also  punch  the  numerical  data  on  computer  cards  for  future 
machine  reproduction. 
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CHAPTER  IV 

PRESENTATION  AND  DISCUSSION  OF  RESULTS 
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On  the  first  three  pages  of  Appendix  II-A,  the  results  of  the 
only  online  run  which  was  successfully  completed  are  given.  They  are 
self  explanatory  and  so,  a  description  will  not  be  dealt  with  here. 

A  much  more  comprehensive  statistical  analysis  could  have  been 
given  to  the  analog  measurement  data  such  as  the  confidence  limits  on 
each  process  variable.  Data  such  as  these  could  ultimately  be  used  for 
establishing  the  reliability  of  correlation  parameter  estimates. 

The  repeatability  of  the  SO^  peak  area  measurement  (the 
broadest  peak)  was  reasonable  however,  it  was  poor  for  both  the  nitrogen 
and  H£S  peaks  which  accounts  for  the  poor  material  balance  results  on 
the  third  page  of  output.  The  latter  two  peaks  were  very  sharp  and, 
as  was  previously  explained,  their  areas  could  not  be  accurately 
measured  with  a  scanning  frequency  of  only  one  point  per  second.  It 
is  worth  mentioning  that  at  a  scanning  frequency  of  10  points  per  second 
on  the  original  IBM  GC  pack,  the  repeatability  of  nitrogen  peak  inte¬ 
gration  was  one  part  in  10,000  for  the  runs  which  were  attempted.  In 
this  run  it  was  4  in  60  and  the  chromatograms  on  both  feed  and  product 
indicated  much  better  repeatability  than  this  on  the  chart  recorder 
and  disk  integrator. 

Although  the  coding  buttons  provided  sufficient  flexibility 
for  sending  instructions  to  the  computer,  a  keyboard  typewriter  which 
could  afford  conversational  communication  with  the  1800  could  obviate 
the  need  for  the  1053  and  the  coding  buttons  and  provide  a  much  more 
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versatile  interface  between  the  kineticist  and  the  computer.  Such  an 
arrangement  would  be  a  necessity  if  computer  control  of  the  experiment 
were  to  be  implemented. 

The  programming  could  have  been  arranged  to  reduce  the 
number  of  operating  commands  which  were  necessary  during  an  online 
run.  Nonetheless,  to  enter  a  command  required  less  than  5  seconds 
so  that  no  more  than  a  minute  was  spent  pushing  coding  buttons  during 
an  experiment.  The  online  user  software  was  developed  in  stages  and 
as  the  need  for  a  new  instruction  was  recognized,  it  was  developed  and 
assigned  a  new  code.  Over  the  long  term,  all  the  programs  should  be 
improved  in  organization. 

Operating  the  equipment  online  provided  the  following  advantages: 

(i)  Unbiased  data  measurement  free  from  human  error  (conditional 
that  programs  and  hardware  are  error  free); 

(ii)  Capability  of  multiple  data  samples  for  statistical  analysis 
with  no  human  effort; 

(iii)  Hardcore  documentation  of  experimental  results  and,  of  course, 
machine  calculation  of  these  results. 

Ultimately,  computer  control  of  the  experimental  apparatus 
would  provide  the  following  additional  benefits. 

(i)  Potentially  around  the  clock  operation  of  the  apparatus  rather 
than  just  while  the  operator  is  present. 

(ii)  Online  design  of  experiments  based  on  stored  results,  data 
trends,  and  requirements  for  more  accurate  correlation  para¬ 


meter  estimates. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  operation  of  a  kinetic  research  reactor  with  data  acquisi¬ 
tion  capabilities  has  been  successfully  demonstrated.  Although  this 
author  did  not  have  the  satisfaction  of  a  complete  online  kinetic  program, 
the  online  approach  is  recommended  based  on  the  previously  discussed 
benefits  which  were  experienced  for  the  one  demonstration  run. 

The  need  for  a  user-oriented,  trouble-free  and  reliable  gas 
chromatograph  monitoring  package  of  programs  is  a  prerequisite  to  this 
type  of  research.  Existing  software  at  the  University  of  Alberta  was 
not  satisfactory  and  it  is  recommended  that  a  concerted  effort  be  ap¬ 
plied  to  this  need  immediately  and  before  future  online  kinetic  research 
endeavours  commence.  Examination  of  other  proven  software  schemes  such 
as  those  of  Varian  or  Digital  Equipment  Corporation  may  prove  expeditious 
It  is  stressed  that  a  proven  system  should  be  operational  before  future 
kinetic  research  programs  be  attempted  online.  This  may  require  the 
equivalent  of  another  M.Sc.  endeavour. 
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A. 1  Introduction  to  Equipment  Calibration 

This  appendix  is  concerned  with  describing  calibration  procedures, 
documenting  the  calibration  data,  and  fitting  experimental  and  calculated 
results  to  power  series  using  linear  least  squares.  A  power  series  poly¬ 
nomial  is  of  the  following  form: 

y  =  aQ  +  a]X  +  a2x2  +  ...  (A.l) 

Calibration  in  the  form  of  curves,  in  most  cases,  has  been 
preempted  by  fitting  the  data  using  least  squares  and  indicating  the 
standard  deviation  and  variance  of  the  fit.  This  is  reasonable,  since 
graphical  plots  of  calibration  data  were  not  used  for  reducing  measure¬ 
ments  to  meaningful  kinetic  data,  only  the  polynomials  generated  by  the 
curve-fitting  process.  In  calibrating  the  gas  chromatograph,  the  data 
were  necessarily  plotted  to  demonstrate  that  the  analyses  were  being 
carried  out  in  the  linear  range.  Table  A.l  summarizes  the  values  of  the 
correlation  parameters  which  were  employed  in  the  data  reduction  programs 
for  calculating  the  kinetic  data.  Independent  variables  in  this  table 
which  are  indicated  as  percent  have  been  read  from  a  recorder  with  a  scale 
of  0-100.  For  the  IBM  1800  computer,  the  percent  means  100  times  the 
digital  reading  of  the  analog  input  channel  divided  by  32767. 

Tables  of  data  in  this  appendix  which  display  the  results  of 
the  least  squares  fitting  process  in  most  cases  provide  more  significant 
figures  in  the  numbers  than  is  justified.  This  is  because  the  computer 
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correlation  program  was  written  with  F-type  output  formats  which  could 
be  useful  over  a  wide  range  of  number  magnitudes  and  yet  remain  more 
readable  than  E-type  formats. 

Throughout  this  appendix,  reference  is  made  to  calibration 
coefficients  for  variables  whose  values  were  measured  by  an  IBM  1800 
computer.  These  parameters  were  used  for  the  online  procurement  of 
kinetic  data  which  is  discussed  in  Part  II  of  this  thesis.  The  infor¬ 
mation  is  included  here  since  the  equipment  calibration  for  both  off¬ 
line  and  online  modes  of  operation  was  performed  simultaneously. 

A. 2  Calibration  of  Thermocouples 

Ten  thermocouples  were  tested  before  they  were  installed  in 
the  equipment.  The  test  procedure  involved  immersing  each  thermocouple 
and  a  mercury  thermometer  in  a  stirred,  temperature-controlled  oil  bath 
and  noting  the  electrical  signal  produced  by  the  thermocouple  and  simul¬ 
taneously  the  temperature  registered  on  the  mercury  thermometer.  The 
reading  of  a  second  mercury  thermometer,  placed  at  the  midpoint  of  the 
exposed  length  of  the  first  thermometer's  mercury  thread,  was  also  taken 
for  purposes  of  stem  correction  calculations.  Figure  A.l  shows  the 
physical  arrangement  which  was  used  for  obtaining  the  calibration  data. 

Voltages  were  measured  by  a  Leeds  and  Northrup  model  number 
8686  millivolt  potentiometer  which  had  a  marked  resolution  of  0.005  milli¬ 
volts.  The  mercury  thermometers  which  were  used  were  manufactured  by 
Dr.  Siebert  and  Kuhn  Company,  Oberkauf ungen ,  West  Germany.  The  North 
American  distributor,  Fisher  Scientific,  indicated  that  these  thermo- 
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FIGURE  A.  1:  CALI  BRATION  OF  THERMOCOUPLES 
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meters  were  manufactured  according  to  the  specifications  and  accuracy 
set  forth  by  the  National  Bureau  of  Standards  which  require  the  accuracy 
to  be  within  +  1/2  of  the  resolution  (i.e.  the  finest  marked  gradation). 
The  following  table  gives  the  range  and  resoltuion  of  these  thermometers. 


TABLE  A. 2  RANGE  AND  RESOLUTION  OF  CALIBRATION 
THERMOMETERS  FOR  THERMOCOUPLES 

Temperature  Range  (°C)  Resolution(°C) 


0  - 

60 

0.1 

50  - 

100 

0.1 

100  - 

150 

0.1 

150  - 

200 

0.1 

200  - 

350 

0.2 

The  uncorrected  calibration  data  are  recorded  in  Table  A. 3. 
Since  the  thermometers  were  of  the  immersion  type,  the  readings  had  to 
be  stem-corrected.  The  stem— corrected  temperature  is  given  by  equation 

A.2^L 


t  =  0.000156L(tQ  -  te)  +  tQ  (A. 2) 

where,  t  =  corrected  temperature 
0 


^Shoemaker,  D.P.  and  Garland,  C.W. ,  "Experiments  in  Physical  Chemistry 
p.  379,  McGraw-Hill  Book  Publishing  Company,  Inc.,  New  York,  1962. 


■  . 
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TABLE  A. 3  THERMOCOUPLE  CALIBRATION  DATA 


Thermocouple 

Temperature 

(°C) 

Description 

Mil li volts 

Feed 

0.00 

54.60 

98.50 

Temperature 

0.015 

2.816 

5.16 

Gas  I 

0.00 

54.55 

98.10 

Chromatograph 

0.013 

2.831 

5.191 

Gas  II 

0.00 

54.55 

97.95 

Chromatograph 

0.013 

2.831 

5.183 

Sulphur  I 

0.00 

54.65 

98.00 

194.7 

194.6 

Condenser 

-0.018 

2.865 

5.242 

10.641 

10.615 

Sulphur  II 

0.00 

54.55 

98.10 

199.2 

199.9 

Condenser 

-0.004 

2.841 

5.199 

10.785 

10.826 

Catalyst 

0.00 

98.60 

195.4 

249.0 

307.6 

Bed 

-0.015 

5.220 

10.622 

13.537 

16.902 

Reactor 

0.00 

98.60 

193.50 

248.3 

308.6 

Wall 

-0.021 

5.229 

10.501 

13.510 

16.977 

Preheater 

97.10 

193.00 

5.094 

10.404 

Fluidized 

0.00 

54.75 

98.20 

196.20 

246.6 

309.2 

Bed 

+0.015 

2.840 

5.181 

10.641 

13.409 

17.000 

Recycle 

0.00 

97.45 

191.9 

249.2 

Val  ve 

+0.015 

5.073 

10.361 

13.512 

Note:  The  above 

data  do  not 

,  have 

stem  corrections  applied  to  the 

thermometers . 


ii  .e 

aro.o 

. '  ■'!  ? 

ae.^e 

V'  , 

• 

TABLE  A. 4  STEM  CORRECTED  THERMOCOUPLE  CALIBRATION  DATA 


Thermocouple  Temperature  (°C) 


Description 

Feed 

0.00 

54.60 

Temperature 

0.015 

2.816 

Gas 

I 

0.00 

54.55 

Chromatograph 

0.013 

2.831 

Gas 

II 

0.00 

54.55 

Chromatograph 

0.013 

2.831 

Sulphur 

I 

0.00 

54.65 

Condenser 

-0.018 

2.865 

Sulphur 

II 

0.00 

54.55 

Condenser 

-0.018 

2.841 

Catalyst 

0.00 

Bed 

-0.015 

Reactor 

0.00 

Wall 

-0.021 

Preheater 

Fluidized 

0.00 

54.75 

Bed 

+0.015 

2.84 

Recycle 

0.00 

Valve 

+0.015 

Mi  1 1 i volts 


98.90 

5.16 

98.50 

5.191 

98.35 

5.183 

98.40 

5.242 

195.5 

10.64 

98.50 

5.199 

200.0 

10.785 

99.0 

5.22 

196.2 

10.622 

249.9 

13.537 

310.5 

16.902 

99.0 

5.23 

194.3 

10.501 

249.2 

13.510 

311.5 

16.977 

97.50 

5.094 

193.8 

10.404 

98.60 

5.181 

197.0 

10.641 

247.5 

13.409 

312.1 

17.000 

97.85 

5.073 

192.7 

10.361 

250.1 

13.512 

• 
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TABLE  A. 5 

LEAST  SQUARES  FIT  OF  STD.  IRON  CONSTANTAN  THERMOCOUPLE  DATA 

X  MEASURED  =  VOLTAGE  (MILLIVOLTS) 

Y  OBSERVED  =  TEMPERATURE  (DEGREES  CENTIGRADE) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

5.41754 

> 

i — * 

ii 

18 . 0408  S 

X  MEASURED 

REGENERATED 

Y  OBSERVED  Y 

DATA 

CALCULATED 

PCT  ERROR 

10.780 

200.000 

199.898 

0.050 

11.890 

220.000 

219.923 

0.034 

13.010 

240.000 

240.129 

0.053 

14.120 

260.000 

260.154 

0.059 

15.220 

280.000 

279.999 

0.000 

16.330 

300.000 

300.025 

0.008 

17.430 

320.000 

319.870 

0.040 

VARIANCE  =  0.012399 

STANDARD  DEVIATION  =  0.111354 

MAXIMUM  PCT  ERROR  «  0.059509 
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L  =  length  of  emergent  stem  measured  in  scale  degrees 
t  =  observed  temperature 

t  =  average  temperature  of  emergent  mercury  column. 

The  stem-corrected  calibration  data  are  given  in  Table  A. 4. 

The  three  most  important  temperature  readings  are  taken  at 
the  reactor  bed,  the  reactor  wall  and  in  the  fluidized  bath.  To  compare 
their  calibration  results  with  standard  i ron-constantan  thermal  electric 
data,  the  standard  data  were  fitted  using  linear  least  squares  between 
200  and  320  degrees  Centigrade.  The  results  of  this  fit  are  given  in 
Table  A. 5  and  it  is  noted  that  the  standard  deviation  is  close  to  0.1 
degree  Centigrade.  Using  the  coefficients  generated  by  the  straight- 
line  fitting  process,  the  electrical  data  obtained  in  the  calibration 
were  inserted  into  the  straight  line  equation  and  the  calculated  temper¬ 
ature  was  compared  to  that  observed.  This  comparison  is  given  in  Table 
A. 6. 


TABLE  A. 6  COMPARISON  OF  THERMOCOUPLE  CALIBRATION 
DATA  WITH  STANDARD  DATA 


Thermocouple 

Description 

Measured 

Voltage 

(mv) 

Measured 

Temperature 

(°c) 

Cal cul ated 
Temperature 

(°c) 

Erro 

JlCl 

Reactor  Bed 

13.537 

249.9 

249.6 

0.3 

Reactor  Bed 

16.902 

310.5 

310.3 

0.2 

Reactor  Wall 

13.510 

249.2 

249.1 

0.1 

Reactor  Wall 

16.977 

311.5 

311.7 

-0.2 

Fluidized  Bath 

13.409 

247.5 

247.3 

0.2 

Fluidized  Bath 

17.000 

312.1 

312.1 

0.0 

9*1  SM 
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Consicer  ng  the  errors  which  were  observed  between  the  standard 

(2) 

data  and  the  calibration  data,  the  coefficients  for  the  straight-line 
fit  0;  each  t-nermocoup  ,e  were  adjusted  so  that  no  error  would  exist  be¬ 
tween  measured  and  observed  te-oeratures .  These  coefficients  are  given 
in  Table  A. 7. 

TABLE  A. 7  CALIBRATION  COEFFICIENTS  FOR  THERMOCOUPLES 
STRAIGHT  LINE  COEFFICIENTS 


Therrrocouole 

Description 

Straight  Line 
an 

Coefficients 

ai 

Standard  Data 

5.4175 

18.0409 

Reactor  Bed 

5.3155 

18.0706 

Reactor  ^ al  1 

6.6860 

17.9544 

Fluidized  Bath 

6.3627 

17.9853 

A. 3  Ca  ■ 'Ir’-av :r  ree:  r'~5S5^’~5 

The  Foxboro  611  AH  absolute  pressure  transmitter  was  calibrated 
by  using  a  five  foot  nercury  manometer  which  had  a  resolution  of  1  milli¬ 
meter.  A  nitrogen  cylinder  was  fitted  with  a  Moore  nullmatic  pressure 
regulator  (model  number  41-50)  and  connected  to  the  transmitter  and 
nanometer.  The  Foxboro  6430  HF  electronic  consotrol  recorder  was  oper¬ 
ational  during  the  calibration  and  readings  were  taken  at  five  psia  inter¬ 
vals  between  15  psia  and  40  psia.  Also,  the  voltage  signal  obtained  by 

Weast,  R.C.,  editor,  "Handbook  of  Chemistry  and  Physics",  49th  edition, 
E-107,  The  Chemical  Rubber  Co.,  Cleveland,  Ohio,  (1968). 
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dropping  the  10-50  milliampere  signal  from  the  transducer  across  a  100  ohm 
resistor,  was  measured  by  the  IBM  1800  computer.  The  points  obtained  are 
given  in  Table  A. 8. 

These  data  were  fitted  to  a  straight  line  using  linear  least 
squares  and  the  results  of  the  fit  are  given  in  Tables  A. 9  and  A.9A. 


TABLE  A. 8  FEED  PRESSURE  TRANSMITTER  CALIBRATION  DATA 
Barometric  pressure  =  70.06  cm.Hg. 


Manometer 
Reading 
(cm  Hq) 

Absol ute 
Pressure 
(psi a) 

Recorder 

Chart  Reading 
(*) 

Computer 

Reading 

(%) 

7.56 

15.0 

0.0 

19.94 

33.43 

20.0 

20.0 

35.77 

59.31 

25.0 

40.0 

51.59 

85.18 

30.0 

60.0 

67.42 

111.06 

35.0 

80.0 

83.25 

136.93 

40.0 

100.0 

99.08 

A. 4  Calibration  of 

Reactor  Pressure 

Transducer 

The  Statham  PA732TC-50-350 

absolute  pressure 

transducer  was 

calibrated  with  the 

same  technique  used  with  the  feed  pressure  trans- 

mitter  except  that  the  reactor  pressure  transducer  was 

calibrated  at 

245°C ,  the  anticipated  reactor  temperature.  This  pressure  transducer 
is  temperature-compensated  and  tests  carried  out  at  200  and  260°C  showed 
that  the  drift  in  the  instrument's  output  at  constant  pressure  over  this 


.  •;  r.  i  .1 


0  A  r  r  n  r  '  :  1  t  1  2}fua^  9ftt  bot  zstsupa 


I  JITj  8IJA3  *3  W  W  IMZim  G333  8. A  3J8AT 


*  o^u2?  f  f  j  »nc  fsQ 


•  s  ■*  <0°3AS 


. 


A-l  2 


TABLE  A. 9 

LEAST  SQUARES  FIT  OF  FEED  ABSOLUTE  PRESSURE  TRANSDUCER  DATA 

X  MEASURED  =  FOXBORO  RECORDER  CHART  READING  (PERCENT) 

Y  OBSERVED  *  ABSOLUTE  PRESSURE  (PSIA) 

THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


> 

o 

ii 

15.00000 

A 1  = 

0.25000 

REGENERATED 

DATA 

MEASURED 

Y  OBSERVED 

Y  CALCULATED 

PCT  ERROR 

0.00D 

15.000 

15.000 

0.000 

20.000 

20.000 

20.000 

0.000 

40.000 

25.000 

25.000 

0.000 

60.000 

30.000 

30.000 

0.000 

80.000 

35.000 

35.000 

0.000 

100.000 

40.000 

40.000 

0.000 

VARIANCE  =  0.000000 

STANDARD  DEVIATION  =  0.000000 


MAXIMUM  PCT  ERROR 


0.000000 
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TABLE  A • 9 A 

LEAST  SQUARES  FIT  OF  FEED  ABSOLUTE  PRESSURE  TRANSDUCER  data 

X  MEASURED  =  IBM  1800  COMPUTER  READING  (PERCENT) 

Y  OBSERVED  =  ABSOLUTE  PRESSURE  (PSIA) 

THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

8.70123 

A1  = 

0.31590 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

19.940 

15.000 

15.000 

0.002 

35.770 

20.000 

20.001 

0.005 

51.590 

25.000 

24.998 

0.005 

67.420 

30.000 

29.999 

0.002 

83.250 

35.000 

35.000 

0.000 

99.080 

40.000 

40.000 

0.001 

VARIANCE 

=  0.000000 

STANDARD  DEV 

I AT  I  ON  «  0.000913 

MAXIMUM  PCT 

ERROR  =  0.005645 
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temperature  range  was  negligible.  However,  when  the  temperature  was 
lowered  to  20°C,  the  drift  in  output  was  perceptible. 

The  results  of  the  calibration  procedure  are  given  in  Table 
A. 10  and  the  least  squares  fit  of  this  data  is  given  in  Tables  A. 11  and 
A. 1 1  A. 


TABLE  A.  10  REACTOR  PRESSURE  TRANSMITTER 
CALIBRATION  DATA 


Barometri c 

Pressure  =  704.4 

mm.Hg. 

FI uidized 

Bath  Temperature  = 

:  244°C 

Manometer 
Reading 
(mm  Hq) 

Absolute 
Pressure 
(mm  Hq) 

Recorder 

Chart  Reading 
<%) 

Computer 

Reading 

m 

0.0 

704.4 

49.90 

59.25 

42.5 

746.9 

51.75 

60.66 

70.5 

774.9 

52.80 

61.52 

120.0 

824.4 

54.80 

63.14 

183.0 

887.4 

57.30 

65.19 

234.0 

938.4 

59.40 

66.84 

A. 5  Calibration  of  Feed  Differential  Pressure  Cell 

The  D/P  cell  for  the  reactor  feed  line  was  calibrated  by 
passing  a  constant  flow  of  nitrogen  through  it  and  measuring  the  nitrogen 
flow-rate  with  a  dry  test  meter  and  stopwatch.  Before  the  calibration 
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TABLE  A. 11 

LEAST  SQUARES  FIT  OF  REACTOR  ABSOLUTE  PRESSURE  TRANSDUCER 

X  MEASURED  =  IBM  1800  COMPUTER  READING  (PERCENT) 

Y  OBSERVED  =  ABSOLUTE  PRESSURE  (MM  HG ) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  =-1123.63061 

A1  = 

30.85020 

REGENERATED 

DATA 

X  MEASURED  Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

59.253 

704.400 

704.244 

0.022 

60.660 

746.900 

747.742 

0.112 

61.520 

774*900 

774.274 

0.080 

63 . 140 

824.400 

824.251 

0.018 

65.190 

887.400 

887.494 

0.010 

66.840 

938.400 

938.397 

0.000 

VARIANCE 

=  0.231465 

STANDARD 

DEVIATION  =  0.481108 

MAXIMUM  PCT  ERROR 


0.112852 
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TABLE  A.11A 

LEAST  SQUARES  FIT  OF  REACTOR  ABSOLUTE  PRESSURE  TRANSDUCER 

X  MEASURED  =  FOXBORO  RECORDER  CHART  READING  (PERCENT) 

Y  OBSERVED  =  ABSOLUTE  PRESSURE  (MM  HG) 

THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 
AO  =  -534.85083 
A1  =  24.80598 


REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

49  •  90  D 

704.400 

702.967 

0.203 

51.750 

746.900 

748.858 

0.262 

52.800 

774.900 

774.904 

C-000 

54.800 

824.400 

824.516 

0.014 

57.300 

887.400 

886.531 

0.097 

59.400 

938.400 

938.624 

0.023 

VARIANCE 

=  1.341284 

STANDARD  DEV 

I  AT  I  ON  =  1.158138 

MAXIMUM  PCT 

ERROR  =  0.262233 
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was  carried  out,  the  accuracy  of  the  dry  test  meter  (American  Meter 
Company,  Model  Number  5M210,  Serial  Number  7838179)  was  checked  against 
a  gasometer. 

Nitrogen  was  passed  through  the  dry  test  meter  and  into  the 
five  cubic  foot  gasometer.  The  gasometer  had  previously  been  calibrated 
by  filling  the  bell  shaped  top  with  water  and  noting  the  net  weight 
change  with  change  in  height  of  water.  Three  runs  were  carried  out  at 
three  different  volumetric  flow-rates  in  order  to  obtain  the  calibration 
factor  for  the  meter  and  to  see  if  this  factor  varied  with  different 
flow-rates  passing  through  the  meter.  The  average  results  of  runs  taken 
at  the  three  flow-rates  are  given  in  Table  A. 12  and  the  calibration 
factor  is  plotted  in  Figure  A. 2. 

At  four  different  levels  of  absolute  pressure  (22.5,  25,  30 
and  35  psia),  as  indicated  by  the  feed  absolute  pressure  transducer,  the 
D/P  cell  was  calibrated  using  the  calibration  factor  established  in  the 
gasometer  test  to  correct  the  apparent  nitrogen  flow- rate.  A  short  com¬ 
puter  program  called  FDCAL  was  written  to  document  the  measurements  which 
were  taken  and  the  calculated  results  are  given  in  Tables  A. 13  and  A. 14. 
FDCAL  was  also  used  to  translate  the  calculated  results  onto  punched 
cards  to  provide  input  for  a  least  squares  fitting  program.  The  results 
of  the  least  squares  fit  of  the  calculated  results  are  presented  in 
Tables  A.15A  to  A.15H.  Here  the  flow-rate  in  standard  cubic  feet  per  hour 
(60°F ,  1  atm  pressure)  is  correlated  by  a  second  degree  polynomial  to 
the  square  root  of  the  percent  reading  taken  by  the  recorder  or  computer, 
as  the  case  may  be. 
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TABLE  A. 12  CALIBRATION  DATA  FOR  DRY  TEST  METER 


Run 

Number 

Apparent  Volume 
(Dry  Test  Meter) 
(cu  ft) 

Actual  Volume 
(gasometer) 

(cu  ft) 

Apparent 
Flow  Rate 
(cuft/min) 

Cal ibration 
Factor 

1 

1.890 

1.870 

0.151 

0.990 

2 

1.852 

1.870 

0.362 

1.010 

3 

1.804 

1.870 

0.584 

1.037 

Note:  Actual  Volume  =  (Dry  Test  Meter  Reading) (Cal ibration  Factor) 
Barometric  Pressure  =  694.4  mm  Hg 
Room  Temperature  =  72°F 


When  flow  data  are  obtained  at  pressures  between  22.5  and  35 
psia,  the  flow-rate  is  calculated  according  to  the  curve  fitted  data 
at  22.5,  25,  30  and  35  psia  by  using  the  square  root  of  the  D/P  cell 
reading,  and  the  flow  at  the  intermediate  pressure  is  obtained  by  a 
Newton  interpolation  polynomial  routine.  This  is  described  in  Appendix 
C,  Reduction  of  Data. 

The  purpose  of  FDCAL  and  description  of  the  input  data  is  given 
at  the  start  of  the  Fortran  listing  of  the  program.  The  only  calculations 
performed  by  the  program  are  the  calculation  of  the  square  root  of  the 
D/P  cell  reading  taken  by  the  Foxboro  recorder  and  the  IBM  1800  computer 
and  the  calculation  of  the  flow  rate  in  scfh  using  the  following  equation 

Q =  (  ^  46o  '.'+f  ^  (~r)(c  • F  • )  ^A*3^ 


CALIBRATION  FACTOR 
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FIGURE  A. 2:  DRY  TEST  METER  CALIBRATION  FACTOR 

VARIATION  WITH  APPARENT  FLOW  RATE. 
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TABLE  A. 13 


EXPERIMENTAL  RESULTS  FOR  D/P  CELL  CALIBRATION 


TIME  FOR  1 

ATMOSPHERIC 

FCX90R0 

RECORDER 

IBM  1800 

CUBIC  FOOT 

PRESS 

TEMP 

D/P  CELL 

A3S  PRESS 

COMPUTER 

OF  GAS  FLOW 
(MINUTES) 

(MM  HG) 

(DEG  F) 

(  PCT  ) 

(PCT) 

(PCT) 

3.0C0 

704.8 

68.0 

90.00 

39.80 

90.72 

3.267 

704.8 

68.0 

75.10 

40.10 

78.98 

4.030 

704.8 

68.0 

49.80 

40.10 

59.04 

5.167 

704. 8 

68.0 

30.25 

40.10 

43.63 

6.207 

704.8 

66.0 

20.20 

40.00 

35.71 

8.676 

709.5 

64.0 

10.00 

39.90 

27.67 

2.533 

709.5 

64.0 

90.50 

80.60 

91.11 

2.796 

709.6 

64.0 

74.80 

80.00 

78.74 

3.425 

709.7 

64.0 

49.70 

80.20 

58.96 

4.363 

709.0 

66.3 

30.10 

79.40 

43.51 

5.357 

709.0 

66.3 

20.00 

80.00 

35.55 

7.301 

705.0 

64.0 

10.10 

80.20 

27.75 

7.820 

704.3 

67.0 

10.00 

60.00 

27.67 

5.658 

704.8 

67.0 

20.00 

60.00 

35.55 

4.697 

704.8 

67.0 

30.00 

60.20 

43.44 

3.640 

704.8 

67.0 

50.00 

60.00 

59.20 

3.000 

706.9 

64.0 

75.20 

59.90 

79.06 

2.747 

706.9 

64.0 

90.00 

60.00 

90.72 

8.590 

707.2 

66.0 

10.00 

30.00 

27.67 

6.281 

707.2 

6  6.0 

20.00 

30.00 

35.55 

4.815 

707.2 

66.0 

35.00 

30.00 

47.30 

4.000 

706.9 

67.0 

50.00 

30.00 

59.20 

3.500 

706.9 

66.0 

65.00 

30.00 

71.12 

3.141 

706.5 

65.0 

80.00 

30.00 

82.85 
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TABLE  A. 14 


CALCULATED  RESULTS  FOR  D/P  CELL  CALIBRATION 


RUN 

FEED 

FLOW  METERING 

SYSTEM 

FLOW 

NO. 

ABS  PRESS  D/P  CELL 

COMPUTER 

RATE 

(PSI A) 

SQRT(PCT) 

SQRT(PCT) 

(SCFH) 

1 

24.95 

9.48 

9.52 

18.01 

2 

25.02 

8.66 

8.88 

18.01 

3 

25.02 

7.05 

7.68 

18.01 

4 

25.02 

5.49 

6.60 

18.01 

5 

25.00 

4.49 

5.97 

18.01 

6 

24.97 

3.16 

5.26 

18.01 

7 

35.15 

9.51 

9.54 

18.01 

8 

35.00 

8.64 

8.87 

18.01 

9 

35.05 

7.04 

7.67 

13.01 

10 

34.85 

5.48 

6.59 

13.01 

11 

35.00 

4.47 

5.96 

18.01 

12 

35.05 

3.17 

5.26 

18.01 

13 

30.00 

3.16 

5.26 

18.01 

14 

30.00 

4.47 

5.96 

18. Cl 

1  3 

30.05 

5.47 

6.59 

18.01 

13 

30.00 

7.07 

7.69 

18.01 

17 

29.97 

8.67 

8.89 

18.01 

18 

30.00 

9.48 

9.52 

18.01 

19 

22.50 

3.16 

5.26 

18.01 

20 

22.50 

4.47 

5.96 

18.01 

21 

22.50 

5.91 

6.87 

18.01 

22 

22.50 

7.07 

7.69 

18.01 

23 

22.50 

8.06 

8.43 

18.01 

24 

22.50 

8.94 

9.10 

18.01 
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TABLE  A. 15 

LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  22.5  PSIA 


X  MEASURED 
Y  OBSERVED 


FOXBORO  RECORDER  CHART  READING  (SQRT(PCT)) 
FLOW  RATE  (SCFH) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 
AO  =  -0.62199 


A1  = 

0.61645 

A2  = 

-0.00476 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

6.460 

3.160 

3.161 

0.049 

8.870 

4.470 

4.471 

0.028 

11.620 

5.910 

5.898 

0.200 

14.010 

7.070 

7.079 

0.137 

16.090 

8.060 

8.063 

0.046 

18.010 

8.940 

8.935 

0.049 

VARIANCE 

=  0.000054 

STANDARD  DEVIATION  =  0.007393 

MAXIMUM  PCT  ERROR  s  0.200529 
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TABLE  A  •  1  5  A 

LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  22.5  PSIA 


X  MEASURED  = 

IBM  1800  COMPUTER 

READING  (SQRT(PCT) 

) 

Y  OBSERVED  = 

FLOW  RATE  (SCFH) 

THE  COEFFICI 

ENTS  OF  THE  POLYNOMIAL  ARE 

AO  = 

3.44361 

ii 

« — fl 

< 

0.25890 

A2  = 

0.00310 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

'  CALCULATED 

PCT 

ERROR 

6.460 

5.260 

5.245 

0.270 

8.870 

5.960 

5.984 

0.410 

11.620 

6.870 

6.871 

0.022 

14.010 

7.690 

7.680 

0.122 

16.090 

8.430 

8.413 

0.194 

18.010 

9.100 

9.114 

0.154 

VARIANCE 

=  0.000272 

STANDARD  DEVIATION  =  0.016496 

MAXIMUM  PCT 

ERROR  =  0.410928 
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TABLE  A.15B 

LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  25  PSIA 

X  MEASURED  =  FOXBORO  RECORDER  CHART  READING  (SQRT(PCT)) 
Y  OBSERVED  =  FLOW  RATE  (SCFH) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

0.89847 

A 1  = 

1.68443 

A2  = 

0.02117 

REGENERATED 

DATA 

• 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

9.486 

18.729 

18.783 

0.291 

8.666 

17.164 

17.085 

0.457 

7.056 

13.845 

13.839 

0.041 

5.499 

10.744 

10.803 

0.545 

4 . 494 

8.917 

8.896 

0.231 

3.162  6.445 

VARIANCE  =  0.002624 

STANDARD  DEVIATION  =  0.051226 

MAXIMUM  PCT  ERROR  =  0.545683 

6.436 

0.128 
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TABLE  A.15C 


LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  25  PSIA 


X  MEASURED 
Y  OBSERVED 


IBM  1800  COMPUTER  READING  (SQRT(PCT)) 
FLOW  RATE  (SCFH) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

-13.71168 

A 1  = 

4.37971 

A2  = 

-0.10222 

REGENERATED 

DATA 

X  MEASURED  Y 

OBSERVED  Y 

CALCULATED 

PCT  ERROR 

9.524 

18.729 

18.730 

0.006 

8.887 

17.164 

17.137 

0.155 

7.684 

13.845 

13.906 

0.439 

6.605 

10.744 

10.759 

0.135 

5.976 

8.917 

8.811 

1.182 

5.261 

6.445 

6.500 

0.862 

VARIANCE 

=  0.003769 

STANDARD  DEVIATION  =  0.061397 

MAXIMUM  PCT  ERROR 

=  1.182604 
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TABLE  A.15D 

LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  30  PSIA 

X  MEASURED  =  F0X30R0  RECORDER  CHART  READING  (SQRT(PCT)) 
Y  OBSERVED  =  FLOW  RATE  (SCFH) 

THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

0.74056 

ii 

i — 1 

< 

1.94287 

A2  = 

0.01777 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

3.162 

7.062 

7.062 

0.004 

4.472 

9.811 

9.735 

0.263 

5.477 

11.866 

11.915 

0.418 

7.071 

15.388 

15.367 

0.134 

8.671 

18.947 

18.926 

0.112 

9.486 

20.754 

20.772 

0.089 

VARIANCE 

=  0.000873 

STANDARD  DEV 

I AT  I  ON  =  0.029553 

MAXIMUM  PCT 

ERROR  =  0.418678 
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TABLE  A.15E 

LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  30  PSIA 


X  MEASURED 
Y  OBSERVED 


IBM  1800  COMPUTER  READING  (SQRT(PCT)) 
FLOW  RATE  ( SCFH ) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

-15.86578 

A 1  = 

5.03013 

A2  = 

-0.12491 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

5.261 

7.062 

7.140 

1*100 

5.963 

9.811 

9.687 

1.255 

6.590 

11.866 

11.861 

0.041 

7.694 

15.388 

15.442 

0.349 

8.891 

18.947 

18.984 

0.196 

9.524 

20.754 

20.713 

0.195 

VARIANCE 

=  0.005432 

STANDARD  DEV 

I  AT  I  ON  =  0.073707 

MAXIMUM  PCT  ERROR 


1.255190 
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TABLE  A.15F 

LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  35  PSIA 


X  MEASURED 
Y  OBSERVED 


FOX BORO  RECORDER  CHART  READING  (SQRT(PCT)) 
FLOW  RATE  (SCFH) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 
AO  =  0.79547 

A 1  =  2.0628  5 

A2  =  0.02462 


REGENERATED  DATA 


X  MEASURED 

Y 

OBSERVED  Y 

CALCULATED 

PCT  ERROR 

9.513 

22.657 

22.648 

0.040 

8.648 

20.447 

20.478 

0.148 

7.049 

16.595 

16.562 

0.203 

5.486 

12.880 

12.854 

0.205 

4.472 

10.448 

10.513 

0.620 

3.178 

7.625 

7.600 

0.338 

VARIANCE 

=  0.001541 

STANDARD  DEVIATION  =  0.039262 

MAXIMUM  PCT 

ERROR 

=  0.620169 

32X.A  3-  AT 

(  (  "  ;c  5  T>  :i  J/IO  J  >Ai-0  -  «  OflO*XC3  *  Q3PU3A 

-  (H3^e)  3Ta«  woji  *  a3v«3eac  " 

■  |  |  nil  III  I 

i?A  JAl  C.  Yjjq  3HT  30  cT/;3 1 01 333CD  3H 


ya29T  .0 

*  CA 

essao.s 

»  IA 

Sd*£C.Q 

*  SA 

\ 

ATAG 

a3TAH3H3D3fl 

T0C 

C 3TA-U0JA0 

Y  G3Vfi3260  Y 

. 

*0.C 

8*8. 

rae.ss 

6X2. 9 

8*1*0 

&Y*.  OS 

Y,**.OS 

8  *d  •  8 

£GS.C 

Se2.dX 

aee.ax 

e*o.  v 

eos.c 

*28.SI 

086. SX 

de*.  2 

OSd  •  0 

sxe.ox 

8** • CX 

ST*.  * 

866.0 

C  Cd •  V 

esd.r 

8TX.6 

1*2100.0  = 

30/Alfl/ 

s:-sceo«o  *  /0IT/  IV3Q  a  ag,>ai 

9dICSd*0  *  809S3 

TD<-  mukix; 

TABLE  A.15G 


LEAST  SQUARES  FIT  OF  FEED  D/P  CELL  AT  35  PSIA 


X  MEASURED 
Y  OBSERVED 


IBM  1800  COMPUTER  READING  (SQRT(PCT)) 
FLOW  RATE  (SCFH) 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

-16*90591 

A 1  = 

5.31977 

A2  = 

-0.12390 

REGENERATED 

DATA 

X  MEASURED  Y 

OBSERVED  Y 

CALCULATED 

PCT  ERROR 

9.545 

22.657 

22.584 

0.320 

8.873 

20.447 

20 . 544 

0.471 

7.673 

16.595 

16.638 

0.254 

6.596 

12.880 

12.795 

0.657 

5.963 

10.448 

10.410 

0.360 

5.268  7.625 

VARIANCE  =  0.005624 

STANDARD  DEVIATION  =  C. 074994 

MAXIMUM  PCT  ERROR  =  0.740012 

7.682 

0.740 
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C 

C 

C 

c 

c 

c 

c 

c 

c 


*  if  if  if  if  if  if  if  if  if  if  *  -if  if  if  if  if  *  if  if if  -jf  -if  if  if  *  -;f  *  ####****#**•«.■**#-*  *  *  if  if  -if  -if  -if  *  -if  -if 


•if 

•if 

■if 

■if 

•if 

if 

■if 

■if 


MA INLINE  FDCAL 


THIS  PROGRAM  WAS 
CALIBRATION  DATA 


WRITTEN  TO  DOCUMENT  THE 
TAKEN  ON  THE  FEED  D/P  CELL » 


THE  DATA  TO  USEFUL 


AND  PUNCH  THE 
PROVIDE  INPUT 


UNITS  OF  FLOW  AND  MEASUREM 
CALCULATED  RESULTS  OUT  ON  CARDS  TO 
FOR  A  LEAST  SQUARES  FITTING  PROGRAM 


•if 

•if 

■if 

■«• 

REDUCE* 
* 

•«• 
if 


ENT 


c 

if 

INPUT  DATA 

if 

c 

if 

N 

AM 

NUMBER  OF  CALIBRATION 

RUNS 

if 

c 

if 

NPAGE 

- 

PAGE  NUMBER  OF  FIRST  i 

PAGE  OF  OUTPUT 

if 

c 

if 

NCOPY 

- 

NUMBER  OF  COPIES  OF  OUTPUT  DESIRED 

if 

c 

if 

NR 

- 

RUN  NUMBER 

if 

c 

if 

A  (  I  » 1  ) 

- 

TIME  REQUIRED  FOR  ONE 

CU  FT  UF  GAS 

if 

c 

if 

FLOW  (MIN) 

if 

c 

if 

A  (  I  »  2  ) 

ATMOSPHERIC  PRESSURE 

(MM  HG) 

if 

c 

if 

A(  I  >3) 

“ 

ROOM  TEMPERATURE  (DEG 

F  ) 

if 

c 

if 

A  (  I  »  4  ) 

- 

RECORDER  READING  (D/P 

CELL  ) 

if 

c 

if 

A  (  I  »  5  ) 

- 

RECORDER  READING  (ABS 

PRESS) 

if 

r 

v* 

if 

A  (  I  >  6  ) 

COMPUTER  READING  (D/P 

CELL) 

if 

c 

if 

A  (  I  » 7  ) 

DRY  TEST  METER  CALIBRATION  FACTOR 

if 

c 

if 

if 

if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  it  if  if  if  if  if  *  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  if  *  *  if  if  if  if  if  if  if  if  if 


DIMENSION  A ( 25  » 10 ) »NR ( 25 ) 

READ (5 *9)  N  » NPAGE  » NCOPY 
9  FORMAT (3 15) 

DO  2  1  =  1  >N 

2  READ ( 5  > 1 )  NR ( I  5  » ( A ( I » J ) >  J  =  1 >  7 ) 

1  FORMAT (  15  »5X»7F10.5 ) 

DC  5  NC= 1 » NCOPY 
WRITE (6 *3)  NPAGE 

3  FORMAT (  ’  1  '  »  ////66Xi  ‘A-1  »  12 »////// 

1  3 5X  * ’TABLE  A. 13’ ///  *1SX 

$*' EXPERIMENTAL  RESULT 

IS  FOR  D/P  CELL  CALIBRATION'/  ) 

WRITE (6 #4) 

4  FORMAT (  1 0 X  > ' TIME  FOR  1  ATMOSPHERIC  FOXBORO 

$  RECORDER  IB 

2M  1300'/  1QX » ' CUE  I C  FOOT  PRESS  TEMP  D/P  CELL 

$  ABS  PRESS  CO 

3MPUTER'  /  lCXf'CF  CAS  FLOW  (MM  HG)  (DEG  F)  (PCT) 

$  (PCT) 

4  (PCT)'/  11X »' (MINUTES )'/ ) 

DO  5  1*1 tN 

5  WRITE (6 »o)  ( A ( I » J ) >j=1 »6 ) 

6  FORMAT (13X»F5*3>5X»F5*1»5X»F4«1»4X*F5.2»6X*F5#2»5X 

$  >F5.2 ) 

NPAGE=NPAGE+1 
DO  17  I  =  1  *  N 

TPCOR  =  A (  I  »2 ) /760.*53G. / ( A( I *3 )+45C. ) 
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MAINLINE  FDCAL  ...(CONT'D) 

FL0  =  TPC0R*1 » /A ( I  ♦  1 ) #60 • *A ( I » 7 ) 

A ( I  *  4 ) = A ( I f  4 ) **0 «  5 
A ( I » 6 ) =  A ( I >6) **0*5 
A ( I ♦ 5 ) = A (  I  9  5 ) *0 • 25  +  15. 

17  CONTINUE 

DO  7  N C  = 1 » N C 0 P Y 
WRITE (6  *20  JNPAGE 

20  FORMAT! '1'*  // / / * 66X » • A- »  ♦  I  2  . / / / / ) 

WR I TE ( 6  » 10  ) 

10  FORMAT  (  /// »32X »' TABLE  A. 14’//  1  5X  *  1  CALCULATED  RESULTS 
$  FOR  D/P  CEL 

1L  CALIBRATION'/) 

WRITE  <6  til ) 

11  FORMAT ( 1 6 X  » ' RUN  FEED  FLOW  METERING  SYSTEM  FLOW' 

$/  16X  » ' NO  8 

1 ABS  PRESS  D/P  CELL  COMPUTER  RATE'/  22X*'(PSIA) 

$  SQRT(PCT)  SO 
2RT ( PCT )  ( SCFH ) '/) 

DO  7  I  =  1 » N 

WRITE (6  *8  )  NR (  I  )  *A ( I *5 )  » A ( I »4 ) *A ( I »6 ) >FLO 

7  CONTINUE 

8  FORMAT (14X»  15 *3X*F5.2* IX »3(5X#F5.2) ) 

CALL  EXIT 

END 
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where,  Q  =  flow  rate  (scfh) 


P  =  barometric  pressure  (mm  Hg) 

T  =  room  temperature  (°F) 

t  =  time  required  for  one  apparent  cubic  foot  of  gas 


flow  (min) 


A.  6  Correction  Applied  to  Differential  Pressure  Cell 

The  d/p  cell  was  calibrated  at  22°C  with  pure  nitrogen.  Since 
the  orifice  meter  was  used  for  measuring  the  flow-rate  of  a  mixture  of 
Ng»  H^S  and  SC^,  this  flow  rate  was  corrected  to  allow  for  the  difference 
in  density  between  the  mixture  and  the  pure  nitrogen. 


In  orifice  meters,  the  pressure  loss  from  form  friction  is 


considerable  and,  in  fact,  the  orifice  plate  is  a  meter  which  maximizes 
form  drag.  Thus  the  general  meter  equation  may  be  written  in  the  following 
form: 


(A. 4) 


S 


2 


0 


where:  C  =  orifice  coefficient 


o 


q  =  dimensional  constant 


AP  =  pressure  drop  across  orifice 
p  =  gas  density 

S,  =  cross  sectional  area  of  pipe 


■  ■  ■  w 


-  V 
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SQ  =  cross  sectional  area  of  orifice  hole 

v-j  =  average  gas  velocity  through  pipe 

The  variation  of  discharge  coefficient  with  Reynolds  number 
for  sharp  edged  orifices,  as  presented  by  Brown  and  Associates^, 
indicated  that  no  correction  of  the  orifice  coefficient  was  necessary 
for  the  mixed  gas  stream.  From  Tables  A. 16  and  A. 17  it  is  apparent  that 
the  change  in  Cq  is  less  than  0.5  percent  between  pure  nitrogen  and  a 
gas  mixture  of  90%  N^,  5%  H^S  and  5%  SO^.  Hence  no  correction  was  ap¬ 
plied  to  account  for  variation  of  discharge  coefficient. 

Physical  property  data  shown  in  Table  A. 16  were  taken  from 

(4) 

Perryv  '  and  the  following  equations  were  used  for  calculating  the 
density^  and  viscosity^  of  the  gas  stream  mixtures: 


pMix 


l 


(A. 5) 


where,  p^.  =  density  of  gas  mixture  (latm,  60°F) 

x.j  =  mole  fraction  of  component  i 
p.  =  density  of  component  i  (latm,  60°F) 


Wown  G.G.  and  Associates,  "Unit  Operations",  John  Wiley  and  Sons,  Inc., 

New  York,  p.  158  (1950) . 

(4)perry,  J.H.,  (ed.),  "Perry's  Chemical  Engineers'  Handbook",  4th  ed., 
p . 3-71  and  3-197,  McGraw  Hill  Book  Company,  Inc.,  New  York,  1963. 

^Smith,  J.M.  and  Van  Ness,  H.C.,  "Introduction  to  Chemical  Engineering 

Thermodynamics",  pp  103-107,  McGraw  Hill  Book  Company,  Inc.,  New  York,  1959. 

^Bird,  R.B.,  Stewart,  W.E.,  and  Lightfoot,  E.N.,  "Transport  Phenomena", 
p.  24,  John  Wiley  and  Sons,  Inc.,  New  York,  1960. 
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TABLE  A. 16  PHYSICAL 

AND  REACTOR  FEED 

PROPERTIES 

MIXTURE  (1 

OF  PURE  NITROGEN 

atm,  60°F) 

Ni troqen 

Feed  Mixture 

Density  (lb/cuft) 

0.074 

0.084 

Viscosity  (c  p) 

0.0171 

0.0164 

NRe  (6.0  scfh) 

8200 

9700 

NRe  (16.0  scfh) 

21  ,900 

25,900 

Note:  Feed  mixture  is  95%  N^,  5%  h^S,  5%  SC^  (molar  basis) 

Reynolds  number  is  based  on  orifice  diameter  of 
0.020  in. 


TABLE  A. 17  VARIATION  OF  ORIFICE 
COEFFICIENT  WITH  NRe 


Nd  Orifice  Coefficient 

Re  (Dp/ Dp  =  °-2Q) 

8,000  0.617 

10,000  0.616 

20,000  0.613 

30,000 


0.610 


. 

where , 


yMix  =  viscosity  9as  mixture 

$ 


1 


ij 


1  “  O  P,-  “  p  M  •  n  p 

j-  (1  +  W-)  [1  +  (t1)  (h1)4]2 


M. 

J 


P. 


Mi 


p^  =  viscosity  of  component  i 

=  molecular  weight  of  component  i 


It  is  apparent  from  Table  A. 16  that  there  is  a  considerable 
difference  between  the  density  of  pure  nitrogen  and  the  gas  mixture,  thus 
the  necessity  for  the  flow  correction. 

Since  the  orifice  geometry  and  Cq  remained  constant  for  both 
pure  nitrogen  and  the  gas  mixture,  equation  A. 2  can  be  rewritten  to  give: 

1 

Q  =  k(^-)2  (A. 7) 

where:  Q 

k 


k‘ 


=  volumetric  flow  rate 


2g, 


=  k'  C0<:  2 


1/2 


-  1 


’0 


=  constant  to  convert  from  average  velocity  to  volumetric 


flow  rate. 


' 


. 


For  pure  nitrogen: 
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For  a  gas  mixture: 


pMi  x 


Dividing  equation  A. 8  by  A. 9  gives: 


QN2  =  ^pMix>2 
QMix  PN2 


(A. 8) 


(A. 9) 


(A. 10) 


Therefore,  the  corrected  volumetric  flow  rate  for  the  gas  mixture  is 


Q 


Mi  x 


1 

,PN2  '2 
pMix 


(A. 11) 


This  correction  is  applied  in  the  data  reduction  program. 

A. 7  Calibration  of  Gas  Chromatograph 

It  was  necessary  in  this  investigation  to  design  an  apparatus 
which  could  be  used  for  making  mixtures  of  nitrogen  and  hydrogen  sulfide 
or  of  nitrogen  and  sulfur  dioxide  of  accurately  known  composition  within 
a  reasonably  short  time  period.  A  description  of  this  apparatus  and  the 
procedure  followed  for  making  up  a  known  calibration  mixture  is  given 
first,  followed  by  the  documentation  and  discussion  of  the  experimental 
and  calculated  results. 


. 
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A  five  litre  capacity  lucite  cylinder  equipped  with  a  circu¬ 
lation  fan  and  moveable  lucite  piston  was  used  for  preparing  calibration 
mixtures  of  known  composition.  Lucite,  stainless  steel  316  and  teflon 
all  exhibited  inertness  toward  nitrogen  diluted  H2S  and  S02  in  this  equip¬ 
ment.  The  fan  was  driven  by  a  magnetic-coupled  motor.  The  magnet  on 
the  process  side  of  the  cylinder  was  coated  with  a  spray-on  form  of 
teflon. 

To  make  accurate  samples  of  calibration  gases,  it  was  necessary 
to  determine  the  volume  of  the  calibration  equipment  accurately.  The 
estimation  of  this  volume  included  taking  into  account  the  irregularities 
which  are  found  at  each  end  of  the  cylinder.  The  mixing  fan  volume  was 
determined  by  water  displacement  and  along  with  the  volume  of  the  "hex" 
nut  and  piston  rod  protrusion,  this  combined  volume  is  subtracted  from 
the  total  volume.  The  residual  volume  from  these  calculations  measured 
11.  cu  cm.  The  cross-sectional  area  of  the  cylinder  was  151.192  sq  cm 
(diameter  =  13.876  cm)  and  so,  the  volume  of  the  cylinder  was  given  by 

V  =  11.  +  (151 .192) (L)  (A. 12) 

0 

where,  L  =  distance  in  cm  between  piston  and  end  of  cylinder 

V  =  volume  in  cu  cm 
c 


} 


■ 


TABLE  A. 18  VOLUME  OF  GEOMETRIC  IRREGULARITIES 
IN  GAS  CHROMATOGRAPH  CALIBRATION  EQUIPMENT 
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Description 


Vol ume 


Magnet  housing,  valves 
Hex  nut,  washer,  piston 


+  66  cu  cm 


rod 


15  cu  cm 


Impeller,  magnet,  bracket  -  40  cu  cm 


Residual  Volume 


11  cu  cm 


mixtures 

1. 

2. 

3. 

4. 

5. 


Referring  to  Figure  A. 3,  the  procedure  for  making  up  calibration 
is  now  described  step-by-step: 

Note  the  barometric  pressure,  room  temperature  and  the 
temperature  of  the  water  bath. 

Fill  the  gas  burette  with  mercury  up  to  the  top  valve  as 
shown  in  Figure  A. 3. 

With  the  mixing  fan  on,  flush  the  cylinder  with  pure  nitrogen 
for  three  up-and-down  cycles  of  the  piston  to  remove  previous 
gas  contents. 

Flush  line  B  with  pure  nitrogen  to  eliminate  any  H2S  or  S02 
gas  which  may  be  present. 

Fill  the  cylinder  with  pure  nitrogen  to  the  desired  volume 
(i.e.  piston  position)  through  line  A  and  then  close  the 
valve  on  this  line  at  the  cylinder. 


mixtures 

1. 

2. 

3. 

4. 

5. 


■ 
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FIGURE  A. 3:  PREPARATION  OF  GAS  MIXTURE  FOR  CALIBRATION 

OF  GAS  CHROMATOGRAPH 
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6.  Open  the  cylinder  to  vent  for  60  seconds  to  enable  the 
nitrogen  in  the  cylinder  time  to  equilibrate  with  atmos¬ 
pheric  pressure,  and  then  close  the  three-way  valve  at  the 
cyl inder. 

7.  Purge  line  B  with  the  desired  calibration  gas,  e.g.,  H^S, 
for  60  seconds  at  least,  to  fill  it  with  pure  H2S.  Note 
that  the  flow  goes  from  the  H^S  bottle  through  to  vent. 

8.  Fill  the  gas  burette  to  the  desired  volume  of  H2S  with  the 
H2S  flow  still  in  the  purge  mode.  Remaining  in  the  purge 
mode  is  a  safety  precaution  taken  to  prevent  blowing  out 
the  gas  burette  with  H2S. 

9.  Isolate  the  gas  burette  from  the  H2S  flow  using  the  top 
valve. 

10.  Turn  off  the  H2S  flow,  but  leave  line  B  open  to  vent  to 
give  it  a  chance  to  reach  atmospheric  pressure. 

11.  Measure  the  exact  volumetric  reading  at  atmospheric  pressure 
by  manipulation  of  the  mercury  reservoir  and  using  the  water 
manometer  as  the  reference  pressure. 

12.  Isolate  the  burette  from  the  water  manometer,  isolate  line  B 

from  vent,  lift  the  mercury  reservoir,  and  then  open  the 

burette  to  line  B.  Keeping  at  least  a  5  cm  head  of  pressure 

in  line  B,  open  the  cylinder  and  force  the  H2S  into  it. 

Close  the  valve  on  the  cylinder,  bring  line  B  back  to  atmos¬ 
pheric  pressure  by  adjusting  the  mercury  level  in  the  burette 


. 


tf  3V  i  cn 
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and  checking  with  the  reference  water  manometer,  and  again 
note  the  reading  of  the  burette. 

13.  Allow  the  fan  to  mix  the  cylinder  contents  for  at  least  ten 
minutes. 

During  the  calibration  process,  a  large  amount  of  experi¬ 
mental  data  was  recorded  for  each  run.  To  organize  this  data,  document 
it  and  calculate  meaningful  results,  a  computer  program,  GCCAL,  was 
written.  A  computer  listing  of  GCCAL  is  given  on  the  following  pages, 
and  the  data  are  documented  on  the  next  21  pages.  A  summary  of  the 
calculated  results  is  presented  in  Table  A. 19  for  the  peak  areas  ob¬ 
tained  by  the  disk  integrator  on  the  recorder. 

The  internal  standard  calibration  method  was  employed.  While 
several  methods  for  obtaining  quantitative  gas  chromatographic  data  are 
available,  the  internal  standard  technique  was  selected  because  the 
form  of  data  correlation  lends  itself  easily  to  curve  fitting.  For  un¬ 
known  mixtures,  the  repeatability  of  sample  size  within  limits  is  not 
necessary  and  it  is  also  applicable  to  the  relatively  low  concentration 
levels  which  were  used  in  this  investigation.  This  method  is  fully  de¬ 
scribed  in  a  report  published  by  Hewlett  Packard^. 

Following  the  selection  of  an  internal  standard  (in  this  case, 
nitrogen),  the  response  characteristics  of  standard  mixtures  (prepared 
with  the  previously  described  equipment  and  procedures)  must  be  deter- 
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mined. 

Each  standard  mixture  was  analyzed  under  the  same  conditions 
(described  in  Chapter  3).  The  areas  of  the  peaks  were  determined  simul¬ 
taneously  by  the  disk  integrator  on  the  recorder  and  the  IBM  1800  computer 
GC-pack  (described  in  Part  II)  two  times,  and  the  area  response  ratios 
were  determined  (e.g.  lOOx  H^S  peak  area/nitrogen  peak  area)  and  plotted 
as  abscissas.  The  corresponding  molar  ratios  were  plotted  as  ordinates 
to  obtain  the  straight  lines  shown  in  Figures  A. 4  and  A. 5.  A  summary  of 
this  data  for  the  disk  integrator  appears  in  Table  A. 19  and  the  least 
squares  coefficients  for  straight  line  fitting  of  the  data  is  given  in 
Tables  A. 20  to  A.20.C. 

Since  nitrogen  was  used  for  diluting  the  reactor  feed  consti¬ 
tuents,  the  internal  standard  is  present  in  all  gas  stream  analyses. 

From  the  area  response  ratios  (lOOx  H^S  area  and  lOOx  S02  area/N2  area), 
the  molar  ratios  (Y-j  and  Y2)  can  be  determined  from  the  previously  fitted 
data  and  from  this  the  sample  composition  calculated  by  solving  the  fol¬ 
lowing  equations. 


YN2  +  YH2S  +  YS02  =  1 
YH2S/YN2  =  Y1 
YS02  Y  YN2  =  Y2 


(A. 13) 

(A. 14) 


(A. 15) 
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TABLE  A. 19 

GAS  CHROMATOGRAPH 

CALIBRATION  RESULTS 

Component 
Cal ibrated 

Component 

Attenuation 

Component/Nitrogen  Ratios 
lOOx  Molar  Ratio  lOOx  Area 

h2s 

9.8 

1.05 

1.70 

h2s 

9.8 

2.12 

3.52 

h2s 

9.8 

3.48 

5.83 

H2S 

9.8 

4.40 

7.51 

H2S 

9.8 

5.48 

9.16 

h2s 

9.6 

2.12 

2.91 

h2s 

9.6 

3.48 

4.83 

h2s 

9.6 

4.40 

6.24 

h2s 

9.6 

5.48 

7.73 

h2s 

9.6 

7.91 

11.27 

h2s 

9.4 

3.48 

4.42 

h2s 

9.4 

4.40 

5.61 

H2S 

9.4 

5.48 

6.98 

h2s 

9.4 

7.91 

10.13 

h2s 

9.4 

10.12 

12.98 

S02 

9.8 

2.26 

4.52 

S02 

9.8 

4.64 

9.37 

S02 

9.8 

6.23 

12.69 

S02 

9.8 

6.60 

13.29 

S02 

9.8 

8.63 

17.39 

S02 

9.8 

11.27 

22.75 

' 
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100xH2S/N2  area  ratio 


FIGURE  A. 4:  GAS  CHROMATOGRAPH  CALIBRATION  OF  H  S 


FIGURE  A. 5:  GAS  CHROMATOGRAPH  CALI  BRATION  FOR  SO 


TABLE  A. 20 


LEAST  SQUARES  FIT  OF  GAS  CHROMATOGRAPH  DATA 

X  MEASURED  =  100X  H2S/M2  AREA  RATIO 
Y  OBSERVED  =  100X  H2S/N2  MOLAR  RATIO 
NOTE  -  H2S  ATTENUAT OR  =  9 • 8 

-  AREAS  MEASURED  BY  DISK  INTEGRATOR 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

0,04182 

A1  = 

0.58877 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

1.700 

1.050 

1.042 

0.690 

3.520 

2.120 

2.114 

0.268 

5.830 

3.480 

3.474 

0.161 

7.510 

4.400 

4.463 

1.443 

9.160  5.480 

VARIANCE  =  0.001544 

STANDARD  DEVIATION  =  0.039295 

5.435 

0.820 

MAXIMUM  PCT  ERROR 


1,443906 
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TABLE  A • 2 0 A 

LEAST  SQUARES  FIT  OF  GAS  CHROMATOGRAPH  DATA 

X  MEASURED  =  100X  H2S/N2  AREA  RATIO 
Y  OBSERVED  =  100X  H2S/N2  MOLAR  RATIO 
NOTE  -  H2S  ATTENUATOR=9 • 6 

-  AREAS  MEASURED  BY  DISK  INTEGRATOR 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


> 

o 

1! 

0.11291 

A1  = 

0.69209 

X  MEASURED 

REGENERATED 

Y  OBSERVED  Y 

DATA 

CALCULATED 

PCT  ERROR 

2.910 

2.120 

2.126 

0.326 

4. 830 

3.480 

3.455 

0.696 

6.240 

4.400 

4.431 

0.71S 

7.730 

5.480 

5.462 

0.313 

11.270 

7.910 

7.912 

0.036 

VARIANCE 

STANDARD  DEVIATION 

MAXIMUM  PCT  ERROR 

=  0.000484 

=  0.022010 

=  0.718485 
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TABLE  A  •  2QB 

LEAST  SQUARES  FIT  OF  GAS  CHROMATOGRAPH  DATA 

X  MEASURED  =  100X  H2S/N2  AREA  RATIO 
Y  OBSERVED  =  100X  H2S/N2  MOLAR  RATIO 
NOTE  -  H2S  ATTENUATORS. 4 

-  AREAS  MEASURED  BY  DISK  INTEGRATOR 


THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

0.05473 

11 

r—4 

< 

0.77558 

REGENERATED 

DATA 

X  MEASURED 

Y  OBSERVED  Y 

CALCULATED 

PCT  ERROR 

4.420 

3.480 

3.482 

0.080 

5.610 

4.400 

4.405 

0.130 

6.980 

5.480 

5.468 

0.213 

10.130 

7.910 

7.911 

0.017 

12.980 

10.120 

10.121 

0.017 

VARIANCE 

=  0.000045 

STANDARD  DEVIATION  =  0.006763 

MAXIMUM  PCT 

ERROR  =  0.213619 
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TABLE  A.20C 

LEAST  SQUARES  FIT  OF  GAS  CHROMATOGRAPH  DATA 

X  MEASURED  =  100X  S02/N2  AREA  RATIO 
Y  OBSERVED  =  100X  S02/N2  MOLAR  RATIO 
NOTE  -  S02  ATTENUAT OR  =  9  •  8 

-  AREAS  MEASURED  BY  DISK  INTEGRATOR 

THE  COEFFICIENTS  OF  THE  POLYNOMIAL  ARE 


AO  = 

0*00437 

> 

M 

II 

0.49498 

X  measured 

REGENERATED 

Y  OBSERVED  Y 

DATA 

CALCULATED 

PCT  ERROR 

4*520 

2.260 

2.241 

0.809 

9.370 

4.640 

4.642 

0.051 

12.690 

6.230 

6.285 

0.894 

13.290 

6.600 

6.582 

0.261 

17.390 

8.630 

8.612 

0.206 

22.750 

11.270 

11.265 

0.041 

VARIANCE  =  0.000817 

STANDARD  DEVIATION  =  0.028584 

MAXIMUM  PCT  ERROR  =  0.894632 
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A.  8  Gas  Chromatograph  Data  Reduction  Program 

A  computer  program,  GCCAL,  was  written  in  Fortran  to  document 
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the  calibration  data  for  the  gas  chromatograph.  The  required  input  data 
is  indicated  in  the  program  heading  and  the  input  data  formats  can  be 
found  in  the  program  listing  which  follows. 

The  calculations  performed  by  GCCAL  are  listed  below. 

1.  Calculate  the  number  of  moles  of  nitrogen  in  the  cylinder 
using 


NN2  =  (11.  +  (151.192)(L)H^jU 


(A. 16) 


where,  NN2  =  number  of  moles  of  nitrogen 

L  =  distance  between  piston  and  end  of  cylinder 
(cm) 

RT  =  room  temperature  (°K) 

BP  =  barametric  pressure  (mm  Hg) 

MVN2  =  molecular  volume  of  nitrogen  (cu  cm  at  0°C) 

2.  Calculate  the  number  of  moles  of  calibration  gas  (either  H^S 
or  S02)  using 


(A. 17) 


where,  NCG  =  number  of  moles  of  calibration  gm  of  gas 
VCG  =  volume  of  calibration  gas  admitted  to 
cylinder  (cu  cm) 


. 
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BT  =  water  bath  temperature  (°F) 

MVCG  =  molecular  volume  of  calibration  gas  (cu  cm 
at  o°C) 

3.  Calculate  molar  ratio  and  sample  composition 

MR]00  =  (100.)(NCG)/(NN2)  (A. 18) 

where,  MR-jqq  =  times  the  molar  ratio  of  the  calibration 

gas  to  the  nitrogen 

yi  ~  n-j  +  n^  (A. 19) 

where,  =  mole  fraction  of  component  i 
n.  =  number  of  moles  of  component  i 

4.  Calculate  the  corrected  areas  and  obtain  the  area  ratios 
times  100. 


CAi  =  (MA.)(21.  -  (2.)(ATTEN.))  (A. 20) 

where,  CA.  =  corrected  area  of  component  i  peak 
MA..  =  measured  area  of  component  i  peak 
ATTEN.J  =  attenuation  used  for  component  i. 

Where  applicable,  averages  are  taken  for  measurements.  The 
results  of  the  chromatograph  calibration  are  given  on  the 


■ 


. 
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pages  following  the  program  listing. 


The  molecular  volumes  which  were  used  for  the  three  gases  are 


N2  -  22403.60  cu  cm 
H^S  -  22144.24  cu  cm 
S02  -  21889.30  cu  cm 


The  Matheson  Company,  Inc.,  "Matheson  Gas  Data  Book" 
371  and  447,  Herst  Litho  Inc.,  New  York,  N.Y.,  1966. 
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MAINLINE  GCCAL 

THIS  PROGRAM  WAS  WRITTEN  TO  DOCUMENT  THE  DATA 
TAKEN  FOR  THE  CALIBRATION  OF  THE  PROCESS  GAS 
CHROMATOGRAPH  AND  REDUCE  THIS  DATA  TO  CALCULATED 
RESULTS  USEFUL  FOR  THE  INTERNAL  STANDARD  PROCEDURE 
FOR  THE  CALIBRATION  OF  GAS  CHROMATOGRAPHS. 

INPUT  DATA 

NUMBER  OF  SETS  OF  DATA 
NUMBER  OF  COPIES  OF  OUTPUT  DESIRED 
PAGE  NUMBER  OF  FIRST  PAGE  OF  OUTPUT 
CALIBRATION  RUN  NUMBER 
NUMBER  OF  CHROMATOGRAMS  TAKEN 
PEAK  NUMBER  CALIBRATED 

-  H2S 

-  S02 
FLAG 

-  COMPUTER  AREAS  INCLUDED 

-  NO  COMPUTER  AREAS 
TEMPERATURE  (DEG  F) 

ATMOSPHERIC  PRESSURE  (MM  HG ) 

WATER  BATH  TEMPERATURE  (DEG  F) 

DISTANCE  BETWEEN  PISTON  AND  END  OF 
CYLINDER  (CM) 

VOLUME  OF  CALIBRATION  GAS  ( CU  CM) 

AREA  OF  NITROGEN  PEAK 
AREA  OF  CALIBRATION  G^S 
ATTENUATION  FOR  NITROGEN 
ATTENUATION  FOR  CALIBRATION  GAS 
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DIMENSION  SNAM ( 4  »  2 )  »SMV (3)  »V ( 2 ) *  RDG ( 7 )  » AVG ( 7 )  » STORE ( 20 
$  *  7  ) 

DATA  SMV/22403. 60  #22144. 24  >21889 .30/ 

DATA  SNAM/'HYDR1  » ‘OGEN*  # '  SUL  1 » ' F I DE '  » ' SULF ' > ' UR  D‘ 

S  >  *  I  OX  I  1  # ' DE  '  / 

READ ( 5  » 1 )  NSET » NCOPY # NPAGE 
DO  2  I SET  =  1 » NSET 

READ ( 5  » 1 )  NR UN >  NCROM » I  PEAK  » I  COMP 
READ ( 5  >  3  )  RTEM#BTEM#APRES  » V ( 1 ) »V(2) 

STEMP  =  27  3  o 
SPRES  =  7 60  # 

RT  EM= (RTEM+460.  )  /l .  8 
BT EM= (BTEM+460.  )  /  1 .8 


C  CALCULATION  OF  SAMPLE  COMPOSITION 
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XMN2= (11«+151.192*V( 1 ) ) *STEMP/RTEM*APRES/SPRES/SMV ( 1 ) 
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MAINLINE  GCCAL  •••(CQNT'D) 

V  (  1 )  =  ( 1 1.+151. 192#V( 1 ) ) 

X  M  C  A  L  =  V ( 2 ) *STEMP/BTEM*APRES/SPRES/SMV( IPEAK) 

T0TM=XMN2+XMCAL 

XMN2  =  XMN2 /TOTM^lOO  * 

XMCA  L  =  XMC A  L /TQTM* 100* 

RMOL* XMC A L /XMN2  * 1 00 • 

KPEAK=IPEAK-1 

READ  AND  PROCESS  PEAK  AREA  DATA 


NCAT  =  0 

14  DO  4  1=1*7 

4  AVG ( I ) =0 • 0 

DO  5  I CROM  = 1  * NCROM 

NCAT=NCAT+1 

RE AD ( 5  *  3 )  RDG 

RDG( 5 )=RDG(2)*(21*-2«*RDG(4) ) 

RDG ( 4 ) =RDG ( 2 ) 

RDG ( 2 ) =RDG ( 1 ) * ( 21 •-2«#RDG ( 3 ) ) 

TOTA=RDG(2)+RDG(5) 

RDG(3)=RDG(2) /TOTA^IOO. 

RDG(6)=RDG(5)/TOTA*1QO. 

RDG(7)=RDG(5)/RDG(2)*100. 

DO  6  1=1*7 

6  AVG ( I ) =RDG ( I ) +AVG ( I ) 

DO  20  J=l*7 

20  STORE (NCAT  » J ) =RDG ( J ) 

5  CONTINUE 
DO  7  1=1*7 

7  AVG ( I  )  =  A V G ( I ) /NCROM 
NCAT  =  NCAT  +  1 

DO  21  J= 1  *  7 

21  STORE (NCAT  * J ) =AVG(J) 

I  F ( I  COMP )  9*9*8 

8  I COMP=0 
GO  TO  14 

9  CONTINUE 
NN=NCRQM+ 1 
N 1  =  N  N  + 1 
N2=2*NN 

DO  23  I  C  =  1  *NCOPY 
WRITE(6*17)  NPAGE 

WR I TE ( 6  » 10  )  NRUN  »  RTEM »  STEM » APRES »  V ( 1 )  *  ( SNAM ( J  >  KP  EAK ) 

$  *j  =  l *4 ) > V ( 2 ) 

WR I TE ( 6  » 1 1 )  XMN2  » ( SNAM ( J  »  KPEAK ) » J= 1  *  4 )  *XMCAL » RMOL 
WRITE (6 *12) 

WR  I  TE (6  *  13  )  ( SNAM ( J  »KPEAK )  »J=1»4) 

WRI TE (S  *  15  )  (  (STORE ( I » J )  » J  =  1  *  7 )  »  I  =  1 » NN ) 

IF (  ICOMP-1 ) 23  *24  *24 
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MAINLINE  GCCAL  .  ..(CONT'D) 


24  CONTINUE 
WRITE (6  *  16) 

WRITE (6  *15  )  (  (STORE (  I  »  j  )  »  j  =  1 »  7  )  »  I  = , ,  *  >  N  2  ) 

23  CONTINUE 

NPAGE=NPAGE+1 

2  CONTINUE 

1  FORMAT (5 15) 

3  FORMAT ( 7F 10 • 5 ) 

10  FORMAT (  1 5  X  * ’CALIBRATION  SAMPLE  NUMBER  1  *  I  3 > / //  1UX 

$»'  SAMPLE  PREP 

1ARAT I  ON  CONDITIONS' //12X* 'ROOM  TEMPERATURE.. . ' 

$  »F7. 1  ,  '  DEG  K 

2  '  *  //12X  »  '  BATH  TEMPERATURE. . ',F7.1»»  DEG  K'»/ 

S /  1 2 X  t  '  ATMOSPHE 

3RIC  PRESSURE. ,F7. 1  *  '  MM  HG  '»//  12X  »'  VOLUME  OF 
S  Nil ROG EN. ...«.» 

4 • »  »  F7 • 1 »  '  CC'  *//12X» 'VOLUME  OF  '»4A4»F7.1i'  CC '  ) 

11  FORMAT (  // » 10X  >  ' SAMPLE  COMPOSITION  (MOLE  PERCENT)'/ 

$ / 1 2X  >  'NITROGEN. 

1.  .  .  . . '  »  F6 . 2  » / / 12X  »  4 A4  » '...'»F6.2*//12X*'100X 

$  MOLAR  RATIO. . . ' » 

2F6.2) 

12  FORMAT (  //.10X* 'DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST 
$  SET  IS  THE 

1AVERAGE ) ' /) 

13  FORMAT  (  19X» 'NITROGEN' *13X»4A4*9X»  '  100X' >//HX 

$»  '  INPUT'  »  3X  » 'CORR' 

2  » 4X  » ' PCT  OF'  ,5X* ' INPUT'  »3X» 'CORR'  »4X» 'PCT  OF',5X 
S  »  '  AREA '  / 1 1 X  * 'AREA 

3 » ,4X* 'AREA' *4X» 'TOTAL' » 6X * ' AREA ' *4X ♦ 'AREA' »4X* 'TOTAL' 

$  *  6  X  » 'RATIO'/) 

15  FORMAT  (9X»F6.1»2X»F7.1  »2X*F6.2>5X*F6.1  »2X*i-6.1»2X*r-6.2 
$  »5X*F6.2/) 

16  FORMAT (  /» 10X ** COMPUTER  AREA  RESULTS  (THE  LAST  SET  IS 

$  THE  AVERAGE 

1  )  '  /) 

17  FORMAT ('!'»// /66X> ' A- '  »  12  •//) 

CALL  EXIT 

END 
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CALIBRATION  SAMPLE  NUMBER  1 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE . 293.3  DEG  K 

BATH  TEMPERATURE.... .  293.3  DEG  K 

ATMOSPHERIC  PRESSURE......  706.1  MM  HG 

VOLUME  OF  NITROGEN . .  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  40.0  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN .  98.96 

HYDROGEN  SULFIDE...  1.03 
100X  MOLAR  RATIO...  1.05 


DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PC T  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

103.0 

5047.0 

98.31 

61.8 

86.5 

1.68 

1.71 

101.0 

4949.0 

98.33 

60.0 

84.0 

1.66 

1.69 

102.0 

4998.0 

98.32 

60.9 

85.2 

1.67 

1.70 

;  ?  •  :ta?  ■  :  j  • : 

e  gitic.  :•  'o:ta?a<j 


XT  .^39'!3T  TOO* 

•  •  . . irtT.  'i  t  -tap 

.£■  •  .  . .  J£2  :  V  55  *  A 

.....  30CMH<^‘  3f  UJCV- 


oo  .ic  »:  . 

m  , c  -  i  j  .2  /: :  c  y»  -jo  3  ujov 


)  k:  :m\  <i>  20  =J3  ‘ 


m  .  K.I^L  2  .  300fl0VH 


i 


I  £  •  89  c.T^oe  o.ec 


L.oa  C€.8C  0.SA9A  O.K 

9  •  Cd  ££*89  0.8994*  0#S( 


A-5  7 


CALIBRATION1  SAMPLE  NUMBER  2 
SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE. ....  - 

293.8 

DEG 

K 

BATH  TEMPERATURE...... 

293.3 

DEG 

K 

ATMOSPHERIC  PRESSURE.. 

706.1 

MM 

HG 

VOLUME  OF  NITROGEN.... 

3351.2 

CC 

VOLUME  OF  HYDROGEN  SULFIDE 

80.3 

CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN# . .. .  97.91 

HYDROGEN  SULFIDE...  2.08 
100X  MOLAR  RATIO...  2.12 


ISK  INTEGRATOR 

AREA  RESULTS 

(  THE 

LAST  SET 

IS  THE 

AVERAGE ) 

NITROGEN 

HYDROGEN  SULF 

IDE 

100X 

INPUT 

CURR 

PCT  OF 

INPUT 

CORR 

PCT  OF 

AREA 

AREA 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

94.0 

4606 .0 

96.59 

116.0 

162.4 

3.40 

3.52 

94.6 

46^5.2 

96.59 

117.0 

163.8 

3.40 

3.52 

94.4 

4625.6 

96.59 

116.5 

163.1 

3.40 

3.52 
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CALIBRATION  SAMPLE  NUMBER  3 
SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE... .  293.6  DEG  K 

BATH  TEMPERATURE..........  293.8  DEG  K 

ATMOSPHERIC  PRESSURE......  703. 7  MM  HG 

VOLUME  OF  NITROGEN........  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  132.7  CC 


SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN. .#*«.«. «o.  96.63 
HYDROGEN  SULFIDE...  3.36 
100X  MOLAR  RATIO...  3.48 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

95.6 

4684.4 

94.46 

196*0 

274.4 

5.53 

5.85 

97.0 

4753.0 

94.51 

197.0 

275.8 

5.48 

5.90 

96.3 

4718.7 

94.49 

196.5 

275.1 

5.50 

5.83 
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CALIBRATION  SAMPLE  NUMBER  A 
SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE* «...«..« •  294*1  DEG  K 

BATH  TEMPERATURE* . . . -  294.1  DEG  K 

ATMOSPHERIC  PRESSURE .  696.5  MM  HG 

VOLUME  OF  NITROGEN . ..  3851.2  CC 


VOLUME  OF  HYDROGEN  SULFIDE  167.6  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN .  95.78 

HYDROGEN  SULFIDE...  4.21 
10QX  MOLAR  RATIO...  4.40 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

90.0 

4410.0 

93.00 

236.8 

331.5 

6.99 

7.51 

89.8 

4400.2 

93.00 

236.3 

330.8 

6.99 

7.51 

89.9 

4405 . 1 

93.00 

236.5 

331.1 

6.99 

7.51 
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CALIBRATION  SAMPLE  NUMBER  5 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE .  293,0 

BATH  TEMPERATURE. . . . . 293.0 

ATMOSPHERIC  PRESSURE......  701.7 

VOLUME  OF  NITROGEN .  3831.2 

VOLUME  OF  HYDROGEN  SULFIDE  208.6 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN...........  94.80 

HYDROGEN  SULFIDE...  5.19 
100X  MOLAR  RATIO. . .  5,48 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR' 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

90.8 

4449.2 

91.59 

291.5 

408.1 

8.40 

9.17 

91.5 

4483.5 

91.61 

293.0 

410.2 

8.38 

9.14 

91.1 

4466 . 3 

91.60 

292.2 

409 . 1 

8.39 

9.16 

DEG  K 
DEG  K 
MM  HG 

CC 

CC 
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CALIBRATION  SAMPLE  NUMBER  6 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE. .  293.8  DEG  K 

BATH  TEMPERATURE.. . .  293.3  DEG  K 

ATMOSPHERIC  PRESSURE......  706.1  MM  HG 

VOLUME  OF  NITROGEN . .  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  80.8  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN. . .  97.91 

HYDROGEN  SULFIDE...  2.08 
100X  MDL^p  RATIO...  2.12 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

94.0 

4606.0 

97.17 

74.5 

134.1 

2.82 

2.91 

94.0 

4606.0 

97.17 

74.5 

134.1 

2.82 

2.91 

94.0 

4506 . 0 

97.17 

74.5 

134.1 

2.82 

2.91 

' 


.*<;UTAS?«*3T  V009 


>  :t  •£'  . 

.  . . 3St,rAS10M3T  H-A9 

' 


,  -nr  1  i  . :•  /v< 

, , ,  i  tap  •  \jr  xo (  I 


I.AfI 


A-62 


CALIBRATION  SAMPLE  NUMBER  7 


SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE... 

293. 

» 6 

DEG 

K 

BATH  TEMPERATURE. . . 

*  »  »  w  ft  m  9 

293. 

.8 

DEG 

K 

ATMOSPHERIC  PRESSUR 

E .....  * 

703. 

.7 

MM 

HG 

VOLUME  OF  NITROGEN. 

3851. 

.2 

CC 

VOLUME  OF  HYDROGEN 

SULFIDE 

132. 

,7 

CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN . .....  96.63 

HYDROGEN  SULFIDE. ..  3.36 

100X  MOLAR  RATIO. • •  3.48 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

97.0 

4753.0 

95.39 

127.5 

229.5 

4.60 

4.82 

97.0 

4753.0 

95.37 

128.0 

230.4 

4.62 

4.34 

97.0 

4752.0 

95.33 

127.7 

229.9 

4.61 

4.83 
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CALIBRATION  SAMPLE  NUMBER  8 
SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE . .  294.1  DEG  K 

BATH  TEMPERATURE .  294.1  DEG  K 

ATMOSPHERIC  PRESSURE .  696.5  MM  HG 

VOLUME  OF  NITROGEN .  38  51.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  167.6  CC 


SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN . .  95.78 

HYDROGEN  SULFIDE...  4.21 
100X  MOLAR  RATIO...  4.40 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

90.6 

4439.4 

94.15 

153.0 

275.4 

5.84 

6.20 

91.7 

4493.3 

94.08 

157.0 

282.6 

5.91 

6.28 

91.1 

4466 . 3 

94.12 

155.0 

279.0 

5.87 

6.24 
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CALIBRATION  SAMPLE  NUMBER  9 
SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE . .  293.0  DEG  K 

BATH  TEMPERATURE .  293.0  DEG  K 

ATMOSPHERIC  PRESSURE .  701.7  MM  HG 

VOLUME  OF  NITROGEN . .  3851.2  CC 


VOLUME  OF  HYDROGEN  SULFIDE  208.6  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN.. . .  94.80 

HYDROGEN  SULFIDE...  5.19 
100X  MOLAR  RATIO...  5.48 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

94.6 

4635.4 

92.82 

199.0 

358.2 

7.17 

7.72 

95.0 

4655.0 

92.82 

200.0 

360.0 

7.17 

7.73 

94.8 

4645 . 2 

92.82 

199.5 

359.1 

7.17 

7.73 
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calibration  SAMPLE  NUMBER  10 
SAMPLE  PREDARAT I  ON  CONDITIONS 


ROOM  TEMPERATURE . 293.8  DEG  K 

BATH  TEMPERATURE.. ••••#•••  293.8  DEG  K 

ATMOSPHERIC  PRESSURE......  702.3  MM  HG 

VOLUME  OF  NITROGEN . .  3351.2  CC 


VOLUME  OF  HYDROGEN  SULFIDE  301.4  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

N I TROGEN ...........  92.66 

HYDROGEN  SULFIDE...  7.33 
100X  MOLAR  RATIO. • .  7.91 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

93.1 

4561.9 

89.85 

286.0 

514.8 

10.14 

11.28 

89.0 

4361.0 

89.33 

272.7 

490.3 

10.11 

11.25 

91.0 

4461.4 

89.87 

279.3 

502. S 

10.12 

11.27 
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CALIBRATION  SAMPLE  NUMBER  11 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE.... .  293.6  DEG  K 

BATH  TEMPERATURE .  293.8  DEG  K 

ATMOSPHERIC  PRESSURE . .  703.7  MM  HG 

VOLUME  OF  NITROGEN .  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  132.7  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN... .  96.63 

HYDROGEN  SULFIDE...  3.36 
100X  MOLAR  RATIO. ..  3.48 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CCRR 

AREA 

PC T  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

91.0 

4459.0 

95.75 

89.8 

197.5 

4.24 

4.43 

97.0 

4753.0 

95.76 

95.5 

210.1 

4.23 

4.42 

94.0 

4606.0 

95.76 

92.6 

203.8 

4.23 

4.42 
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CALIBRATION  SAMPLE  NUMBER  12 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE* .»...»«•»  294.1 

BATH  TEMPERATURE. . • .... . . .  294.1 

ATMOSPHERIC  PRESSURE  .....  .  696.5 

VOLUME  OF  NITROGEN........  3851.2 

VOLUME  OF  HYDROGEN  SULFIDE  167.6 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN.. . .  95.78 

HYDROGEN  SULFIDE...  4.21 
100X  MOLAR  RATIO. . •  4.40 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

94.6 

4635.4 

94.67 

118.5 

260.7 

5.32 

5.62 

92.0 

4508.0 

94.68 

115.0 

253.0 

5.31 

5.61 

93.3 

4571.7 

94.68 

116.7 

256.8 

5.31 

5.61 

DEG  K 
DEG  K 
MM  HG 

CC 

CC 
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CALIBRATION  SAMPLE  NUMBER  13 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE.* . , . .  293.0  DEG  K 

BATH  TEMPERATURE . .  293.0  DEG  K 

ATMOSPHERIC  PRESSURE......  701.7  MM  HG 

VOLUME  OF  NITROGEN. ...... .  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  208.6  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 
NITROGEN. *•»*.*••**  94.80 
HYDROGEN  SULFIDE...  5.19 
100X  MOLAR  RATIO...  5.48 


ISK  I  NT 

EGRATOR 

AREA  RESULTS 

(  THE 

LAST  SET 

IS  THE 

AVERAGE ) 

NITROGEN 

HYDROGEN  SULFIDE 

100X 

INPUT 

CORR 

PCT  OF 

I  NPUT 

CORR 

PCT  OF 

AREA 

AREA 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

94.0 

4606.0 

93.46 

146.5 

322.3 

6.53 

6.99 

93.6 

4831.4 

93.47 

153.2 

337.0 

6.52 

6.97 

96.3 

4718.7 

93.46 

149.3 

329.6 

6.53 

6.98 
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CALIBRATION  SAMPLE  NUMBER  14 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE .  293.8  DEG  K 

BATH  TEMPERATURE .  293.8  DEG  K 

ATMOSPHERIC  PRESSURE .  702.8  MM  HG 

VOLUME  OF  NITROGEN........  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  301.4  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN*..........  92.66 

HYDROGEN  SULFIDE...  7.33 
100X  MOLAR  RATIO...  7.91 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CCRR 

area 

PC  T  OF 
TOTAL 

I  NPUT 
AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

92.5 

4532.5 

90.82 

208.0 

457.6 

9.17 

10.09 

91.4 

4473.6 

90.77 

207.0 

455.4 

9.22 

10.16 

91.9 

4505.5 

90.80 

207.5 

456.5 

9.20 

10.13 
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CALIBRATION  SAMPLE  NUMBER  15 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE.........*  294.4  DEG  K 

BATH  TEMPERATURE.... .  294.7  DEG  K 

ATMOSPHERIC  PRESSURE......  702.3  MM  HG 

VOLUME  OF  NITROGEN .  3851.2  CC 

VOLUME  OF  HYDROGEN  SULFIDE  385.9  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN. ......... .  90.80 

HYDROGEN  SULFIDE...  9.19 
100X  MOLAR  RATIO. ..  10.12 

DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 
NITROGEN  HYDROGEN  SULFIDE  100X 


INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

93.5 

4581,5 

88.52 

270.0 

594.0 

11.47 

12.96 

93.5 

4581.5 

88.48 

271.0 

596.2 

11.51 

13.01 

93.5 

4581.5 

88.50 

270.5 

595.1 

11.49 

12.98 
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CALIBRATION  SAMPLE  NUMBER  16 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE* • * .«•••• •  295.5  DEG  K 

BATH  TEMPERATURE . .  295.5  DEG  K 

ATMOSPHERIC  PRESSURE......  703.6  MM  HG 

VOLUME  OF  NITROGEN........  3851.2  CC 

VOLUME  OF  SULFUR  DIOXIDE  85.2  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 
NITROGEN...........  97.78 

SULFUR  DIOXIDE  ...  2.21 

100X  MOLAR  RATIO. • •  2.26 


DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 


NITROGEN 

SULFUR 

DIOXIDE 

1C0X 

INPUT 

CORR 

PCT  OF 

INPUT 

CORR 

PCT  OF 

AREA 

AREA 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

92.8 

4547.2 

95.65 

147.4 

206.3 

4.34 

4.53 

97.6 

4732.4 

95.63 

154.0 

215.6 

4.31 

4.50 

95.2 

4664.7 

95.67 

150.7 

210.9 

4.32 

4.5  2 
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CALIBRATION!  SAMPLE  NUMBER  17 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE* . . . . .  296.1  DEG  K 

BATH  TEMPERATURE. ........ .  296.6  DEG  K 

ATMOSPHERIC  PRESSURE .  697.4  MM  HG 

VOLUME  OF  NITROGEN .  3851.2  CC 

VOLUME  OF  SULFUR  DIOXIDE  175.3  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 

NITROGEN . .  95*55 

SULFUR  DIOXIDE  ...  4*44 

100X  MOLAR  RATIO. . .  4.64 


DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 


NITROGEN 

SULFUR 

DIOXIDE 

100X 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

INPUT 

AREA 

CORR 

AREA 

PCT  OF 
TOTAL 

AREA 

RATIO 

92.5 

4532.5 

91.41 

304.0 

425.6 

8.58 

9.38 

91.3 

4498.2 

91.43 

3C1.0 

421.4 

8.56 

9.36 

92.1 

4515.3 

91.42 

302.5 

423.5 

8.57 

9.37 
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CALIBRATION  SAMPLE  NUMBER  IS 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE*  .........  296.6  DEG  K 

BATH  TEMPERATURE* ........ •  296*6  DEG  K 

ATMOSPHERIC  PRESSURE • *  ... «  696.6  MM  HG 

VOLUME  OF  NITROGEN....**..  3351.2  CC 

VOLUME  OF  SULFUR  DIOXIDE  234.6  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 
NITROGEN. * .........  94.13 

SULFUR  DIOXIDE  ...  5.86 

100X  MOLAR  RATIO. . .  6.23 


DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 


NITROG 

EN 

SULFUR 

DIOXI 

DE 

100X 

INPUT 

CORR 

PCT  OF 

INPUT 

CORR 

PCT  OF 

AREA 

AREA 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

92.5 

4532.5 

88.66 

414.0 

579.6 

11.33 

12.73 

92.3 

4547.2 

83.81 

409.0 

572.6 

11.18 

12.59 

92.6 

4539.3 

8  8.73 

411.5 

576.1 

11.26 

12.69 
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CALIBRATION  SAMPLE  NUMBER  19 
SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE .  296.6  DEG  K 

BATH  TEMPERATURE . .  296.6  DEG  K 

ATMOSPHERIC  PRESSURE......  696.1  MM  HG 

VOLUME  OF  NITROGEN........  3851.2  CC 

VOLUME  OF  SULFUR  DIOXIDE  248.3  CC 


SAMPLE  COMPOSITION  (MOLE  PERCENT) 
NITROGEN ...........  93.80 

SULFUR  DIOXIDE  ...  6.19 

1C0X  MOLAR  RATIO...  6.60 


DISK  INTEGRATOR  AREA  RESULTS  (THE  LAST  SET  IS  THE  AVERAGE) 


NITROGEN 

SULFUR 

DIOXIDE 

100X 

INPUT 

CORR 

PCT  OF 

INPUT 

CORR 

PCT  OF 

AREA 

AREA 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

91.3 

4473.7 

88.25 

425.2 

595.2 

11.74 

13.30 

93.2 

4566.8 

8  8.28 

433.0 

606.2 

11.71 

13.27 

92.2 

4520.2 

88.26 

429.  1 

600.7 

11.73 

13.29 

. .  •(  IT/  Vjr  ■  >c.  X 


&s.  * 


A-75 


CALIBRATION  SAMPLE  NUMBER  20 

SAMPLE  PREPARATION  CONDITIONS 

ROOM  TEMPERATURE . 296.6  DEG  K 

BATH  TEMPERATURE . 296.9  DEG  K 

ATMOSPHERIC  PRESSURE .  694.8  MM  HG 

VOLUME  OF  NITROGEN........  3851.2  CC 

VOLUME  OF  SULFUR  DIOXIDE  325.3  CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 
NITROGEN. ..........  92.04 

SULFUR  DIOXIDE  ...  7.95 

100X  MOLAR  RATIO...  8.63 


ISK  INTEGRATOR 

AREA  RESULTS 

(  THE 

LAST  SET 

IS  THE 

AVERAGE ) 

NITROG 

EN 

SULFUR  DIOXIDE 

100X 

INPUT 

CORR 

PCT  OF 

INPUT 

CORR 

PCT  OF 

AREA 

area 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

89.4 

4380.6 

85.25 

541 . 2 

757.6 

14.74 

17.29 

8  8.6 

4341.4 

85.11 

542.4 

759.3 

14.88 

17.49 

89.0 

4360.9 

85  .  18 

541.8 

758.5 

14.81 

17.39 
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CALIBRATION  SAMPLE  NUMBER  21 


SAMPLE  PREPARATION  CONDITIONS 


ROOM  TEMPERATURE.#...#*.## 

295, 

,8 

DEG 

K 

BATH  TEMPERATURE......*..# 

295, 

.8 

DEG 

K 

ATMOSPHERIC  PRESSURE*. .... 

697, 

,0 

MM 

HG 

VOLUME  OF  NITROGEN... ..... 

385  1, 

,2 

CC 

VOLUME  OF  SULFUR  DIOXIDE 

424« 

,2 

CC 

SAMPLE  COMPOSITION  (MOLE  PERCENT) 
NITROGEN.*.. ••«»...  8  9  «  8fa 
SULFUR  UIOXIDE  ...  10*13 
100X  MOLAR  RATIO.*#  11.27 


ISK  INT 

EGPATOR 

AREA  RESULTS 

(  THE 

LAST  SET 

IS  THE 

AVERAGE  5 

NITROGEN 

SULFUR  DIOXIDE 

100X 

INPUT 

CORR 

PCT  OF 

INPUT 

CORR 

PCT  OF 

AREA 

AREA 

AREA 

TOTAL 

AREA 

AREA 

TOTAL 

RATIO 

85.4 

4184.6 

81.51 

678.0 

949.2 

18.48 

22.68 

85.1 

4169.9 

81.41 

679.8 

951.7 

18.58 

22.82 

85.2 

4177.2 

81.46 

673.9 

950.4 

18.53 

22.75 

. 
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A. 9  Least  Squares  Data  Correlation  Program 

A  computer  program  was  written  in  Fortran  IV  basic  to  esti¬ 
mate  the  parameters  of  power  series  polynomials  which  were  fitted  to  the 
calibration  data.  The  program  is  divided  into  a  mainline  and  three  sub¬ 
routines  and  comment  cards  at  the  start  of  each  routine  describe  its 
purpose.  The  form  of  the  polynomial  is 


y  = 


aQ  +  a-|X  +  a2x 


(A.  1 ) 


and  it  is  suggested  that  Froberg^  be  consutled  for  the  mathematical 
details  of  the  curve-fitting  process. 


^Froberg,  C.E.,  "Introduction  to  Numerical  Analysis",  p.  278,  Addison 
Wesley  Publishing  Company,  Reading,  Mass.,  1965. 
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C 
C 
C 
C 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

DIMENSION  X  (  50  ) #  Y ( 50 ) » A ( 50  »  5 ) » P ( 20  *  20 ) » V ( 20 ) *  Z ( 20 ) 
$  *  DES ( 10*15) »SNAM 
1(5) 

DATA  SNAM/'AO  =  •  ♦  1  A 1  ='»'A2  -S’A3  ='**A4  =  '  / 

READ (5*1)  NCASE  *  NCOPY 

DO  9  NC= 1 • NCASE 

READ ( 5  *  1  )  N»M*NTL*NPAGE*NPLT 

1  FORMAT (5 15) 

DO  11  NT3  1  #  NTL 

11  READ (5*12)  (DES(NT*K) *K=1*15) 

12  FORMAT ( 15A4 ) 

13  FORMAT ( 10X»15A4/) 

MM  =  M+ 1 

DO  2  1  =  1  »N 

2  READ ( 5  #  3 )  X ( I ) *  Y ( I ) 

3  FORMAT ( 2 F 10 • 5 ) 

DO  4  1  =  1  #N 

DO  4  J= 1  *  MM 

4  A { I ♦ J ) =X ( I ) ** ( J-l ) 

DO  5  I  =  1 » MM 

DO  5  J= 1  *  MM 
P (  I  * J  )  =0 • 

DO  5  K=  1  *  N 

5  P(  I »J)=P( I *J)+A(K*I )*A(K>J) 

DO  6  I  =  1  *  MM 

V  (  I  )  =0 • 

DO  6  J=1 • N 

6  V(  I  )=V( I )+Y( J)*A( J*I ) 


****************************************************** 
*  # 

*  MAINLINE  LEAST  * 

*  # 

*  THIS  PROGRAM  WAS  WRITTEN  FOR  FITTING  A  MAXIMUM  OF  * 

*  50  DATA  POINTS  TO  POWER  SERIES  TYPE  POLYNOMIALS  OF  * 

*  ANY  ORDER  UP  TO  A  MAXIMUM  OF  FOURTH  DEGREE#  * 

*  INPUT  DATA  * 


* 

NCASE 

- 

NUMBER  OF  SETS  OF  DATA 

* 

* 

NCOPY 

- 

NUMBER  OF  COPIES  OF  OUTPUT 

DESIRED 

* 

* 

N 

- 

NUMBER  OF  DATA  POINTS 

* 

* 

M 

- 

DEGREE  OF  POLYNOMIAL 

* 

* 

NTL 

- 

NUMBER  OF  CARDS  FOR  TITLE 

* 

* 

NP  AGE 

- 

PAGE  NUMBER  OF  OUTPUT 

* 

* 

NPLT 

- 

DATA  REGENERATION  FLAG 

* 

* 

• • • Q-REGENERATE  GIVEN  DATA 

ONLY 

* 

* 

• • • 1-REGENERATE  GIVEN  DATA 

PLUS 

20 

* 

* 

INTERMEDIATE  POINTS 

* 

* 

DES ( K ) 

- 

ALPHANUMERIC  DESCRIPTION  OF 

THE 

TITLE 

* 

* 

Y  (  I  ) 

- 

DEPENDENT  VARIABLE 

* 

# 

Ji. 

X  (  I  ) 

— 

INDEPENDENT  VARIABLE 

* 

* 

TV 

** 

*********** 

**************************************** 

TV 

** 

3Y-A 

* 

T2A3  J  3HI JHI AM  * 

* 
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.  Jh-AlflAV  TH3-Qjf  3*j3HI  - 

**  .*,*  *******  »*  *«  *  **************************** 
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MAINLINE  LEAST  ...(CONT'D) 

CALL  GAUSS ( P ♦ V  *  MM  *  Z ) 

DO  16  I  COP- 1  *  NCOP Y 
WR I TE ( 6  *  10  )  NPAGE 
10  FORMAT (  * 1 » #///*66X.  ' A-' *  12 ♦/) 

DO  17  I  =  1 » NTL 

17  WRITE (6 *13  )  ( DES (  I  *K) *K=1*15 ) 

WR  I  TE ( 6  *  8  ) 

8  FORMAT (  /// * 10X  f ' THE  COEFFICIENTS  OF  THE  POLYNOMIAL 

$  ARE  ' /  ) 

DO  15  I  =  1  *  MM 

15  WR I TE ( 6  1 7  )  SNAM (  I  )  »Z( I ) 

7  FORMAT( 15X*A4*F11.5/) 

16  CALL  REGEN(X*Y»Z#MM»N) 

IF(NPLT)  9  *  9  » 14 

14  CALL  POLYN  (X#ZtN*MM) 

9  CONTINUE 
CALL  EXIT 
END 


9  7  —A 
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**##*#*#**■**#*■«•*****■«■*  ***##***#*#**•*-;<■*  ********  #■#■***•**■* 


ft  ft 

*  SUBROUTINE  POLYN  * 

ft  ft 

*  POLYN  SUPPLIES  REGENERATED  DATA  AT  POINTS  INTER-  * 

*  MEDIATE  TO  THE  GIVEN  DATA*  * 

ft  ft 


-**##***■«■##•«•***#****#*#********#***  ft  ******************* 

SUBROUTINE  POLYN ( X *Z *N *MM ) 

DIMENSION  X ( 50 ) * Z ( 20 ) 

WR I TE ( 6  *  1 ) 

1  FORMAT( ///*32X* ’PLOT  TEST  DATA'//25X'X  CALCULATED ' *4X 
$*'Y  CALCULATE 

ID*/) 

XMAX=0 • 

XM  I  N  =  99999 • 

DO  2  1=1 *N 
IF (XMAX-X (  I  )  )  3*3*4 

3  XMAX=X ( I ) 

4  I F ( X ( I ) - X M I N )  5*5*2 

5  XM I N=X ( I ) 

2  CONTINUE 

DELXS (XMAX-XMIN) /20* 

XY  =  XM  I N 
DO  6  1=1*20 
CAL=0 • 

DO  1 5  J= 1  *  MM 

15  CAL=CAL+Z( J)*XY**( J-l ) 

WR I TE ( 6  *  7  )  XY  *  CAL 
7  F0RMAT(24X*2(F10.3»5X) ) 

6  XY=XY+DELX 
RETURN 
END 


. 
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*  ******  ****  *****  ************************************** 


*  * 

*  SUBROUTINE  REGEN  * 

#  * 

*  THIS  SUBROUTINE  REGENERATES  THE  GIVEN  DATA  AND  * 

*  CALCULATES  THE  VARIANCE  AND  STANDARD  DEVIATION  OF  * 

*  THE  FIT.  * 

*  * 


**********  ******************************************** 


SUBROUTINE  REGEN ( X >Y »Z iMM *N ) 

DIMENSION  X  (  50  ) *  Y ( 50 ) *Z(20) 

WR I TE ( 6  *  1 ) 

1  FORMAT (///*29X* 'REGENERATED  DATA • // 10X ♦ ' X  MEASURED '  *  5X 
$»  * Y  OBSERVED 

l'»5X*»Y  CALCULATED'  »3X*  'PCT  ERROR'*/) 

VAR=0 • 

HI  =0. 

DO  2  1=1 *N 
C AL=0 • 

DO  3  J= 1  *  MM 

3  CAL=CAL+Z(J)#X( I ) *# ( J-l ) 

CAT  =  A3S ( Y  { I ) -CAL ) 

PCE=CAT / Y ( I ) #100. 

VAR=VAR+CAT*#2 

IF (HI-PCE )4*4*2 

4  H I =PCE 

2  WR I TE ( 6  *  5 )  X ( I )  *  Y ( I ) *CAL  *PCE 

5  FORMAT (  9X*4(F10.3>5X)/) 

VAR=VAR / ( N-l ) 

DEV=VAR##0 • 5 

WR  I  TE ( 6  *  6 )  VAR  *  DEV  *H I 

6  FORMAT(//*10X'VARIANCE  =  '  *F10.6//10X 

$  * ' STANDARD  DEVIATION 

1  =» *F10.6//10X» 'MAXIMUM  PCT  ERROR  ='*F10.6) 

RETURN 

END 


xe-A 


»*«  *  *««**#****#  # ************************************** 
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3  0q»  JAD*  (  I  )  Y  •  (  I  )  X  <2*di3TIflW  S 
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#**#**#  *#***#**#*****•-*•*#  •«•■#•#**#******■*•#•  •#•*#*####*******# 


*  * 

*  SUBROUTINE  GAUSS  * 

*  * 

*  THE  FUNCTION  OF  THIS  SUBROUTINE  IS  TO  SOLVE  THE  * 

*  SET  OF  EQUATIONS  A*X  =  B  USING  GAUSSIAN  ELIMINATION  * 

*  AND  BACK  SUBSTITUTION  ROTATING  ABOUT  THE  ELEMENT  * 

*  OF  MAXIMUM  MODULUS.  * 

*  # 


#•*#*•*■******  #■&****  *■*■}<•##-***  *  ****#*****■#■##***#***#  ******* 


SUBROUTINE  GAUSS  (A*R*N*X) 
DIMENSION  A ( 20  ♦  20  ) *R ( 20 ) *X(20) 
M-N-l 

DO  11  J=  1  *  M 

s=o  • 

DC  12  I = J  *  N 
U=  ABS ( A (  I  *  J  )  ) 

IF(U-S)  12*12*112 
112  S=U 
L=  I 

12  CONTINUE 

IF(L-J)  119*19*119 
119  DO  14  I  =  J  *  N 
S  =  A ( L  *  I  ) 

A  (  L  *  I  )  =  A  (  J  ♦  I  ) 

14  A ( J  » I )=S 
S=R(L) 

R ( L  >  *R ( J ) 

R ( J ) =S 

19  I F (  ABS(A( J*J) ) — 1 • E— 30 )  115*115*15 
115  WR I TE ( 6  *  3 ) 

GO  TO  500 

15  MM= J+ 1 

DO  11  I =MM  *N 

I F (  ABS(A( I *J) ) “1 • E-30 )  11*111*111 
111  SsA ( J  * J ) /A ( I  * J) 

A  (  I*J)=0.0 
DO  16  K=MM*N 

16  A {  I  * K ) =A ( J*K)-S*A< I  * K ) 

R(I) =R ( J )-S*R ( I  > 

11  CONTINUE 
DO  17  K=  1  *  N 
I “N+l-K 
S  =  0.0 

IF(I-N)  117*17*117 
117  MM= 1+ 1 

DO  18  J  =  MM  » N 
18  S  =  S+A ( I  *  J ) *X ( J ) 

17  X ( I )  =  (R ( I )“S) /A (  I  *  I  ) 

500  RETURN 

3  FORMAT  (1H  »'MATRIX  SINGULAR  ) 
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SUBROUTINE  GAUSS 


•• (CONT'D) 
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APPENDIX  B 


DOCUMENTATION  OF  THE  FREE  ENERGY  MINIMIZATION  METHOD 


' 
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The  free  energy  minimization  procedure  was  programmed  in 
Fortran  IV  basic  to  solve  the  problem  of  finding  the  composition  of 
a  given  mixture  of  gases  when  it  reaches  thermodynamic  equilibrium 
at  a  given  temperature  and  pressure. 

The  Fortran  program,  listed  on  the  following  pages,  is 
broken  up  into  a  mainline  and  five  subroutines.  The  purpose  of 
each  subroutine  is  stated  in  the  comment  cards  at  its  beginning. 

Comment  cards  in  the  mainline  program  define  each  variable  that  is 
read  in  as  data,  and  the  format  for  the  data  is  easily  found  by  noting 
the  appropriate  READ  and  FORMAT  statements  in  the  program  listing. 

Output  from  the  program  includes  one  copy  of  the  data,  en¬ 

titled  Data  Echo  Check,  and  the  specified  number  of  copies  of  the 
tabulated  equilibrium  data.  Following  the  program  listing  is  an 
example  of  the  data  input  (as  used  for  Example  1),  its  data  echo  check 
and  the  eleven  examples  which  were  solved  using  the  free  energy  minimi¬ 
zation  program,  FREM. 

It  is  pointed  out  that  the  expression  for  F/RT  which  is  used 
in  this  program  is  taken  from  McBride  and  associates^  where  the 
coefficients  for  many  compounds  are  available. 

T  j2  t3  T4  a6 

Rf  =  ai(1-"£nT)  "  a2  2  "  a3  T  “  a4  16  '  a5  20  +  T  "  a7 

Two  ways  are  provided  which  may  be  used  for  calculation  of 
percent  conversion  of  a  particular  starting  component.  For  NCON  =  1 

0)  McBride,  B.J.,  Heimel ,  S.,  Ehlers,  J.G.,  and  Gordon,  S.,  "Thermo¬ 
dynamic  Properties  to  6000°K  for  210  substances  involving  the 
first  18  Elements",  NASA,  1963. 


.9 -uizz  iq  16  9Hj*f  r  J  n:  r  fi 


' 


. 


(refer  to  program  listing),  the  percent  conversion  of  the  first  com¬ 
ponent  for  which  mass  balance  data  was  read  in  is  calculated  using 
the  following  equation. 


B-2 


Pet.  Conv.  =  (X(1)Q  -  X(1)E)/X(1)0  (B.2) 

where  X(1)q  =  nuniber  of  moles  of  component  number  1  initially 

X(  1 ) ^  =  number  of  moles  of  component  number  1  at  equilibrium. 

For  NCON  =  2,  the  conversion  of  H^S  to  sulfur  is  calculated  and  the 
mass  balance  data  for  the  first  five  compounds  should  be  entered  in 
the  sequence  indicated  in  the  program  listing. 

Pet.  Conv.  =  (8.X(1)e  +  6 . X ( 2 ) E  +  2X(3)E  +  X(4)E)/X(5)Q  (B.3) 

where  X(1)E  =  number  of  s8  moles  at  equilibrium 

X(2)e  =  number  of  Sg  moles  at  equilibrium 

X(3)e  =  number  of  S2  moles  at  equilibrium 

X(4)e  =  number  of  S  moles  at  equilibrium 
X ( 5 ) q  =  number  of  H2S  moles  initially  . 

It  is  assumed  in  this  second  method  of  conversion  calculation  that  there 
was  no  sulfur  existent  in  the  starting  chemical  mixture. 


. 
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C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


it**ititititiHtit#ititititifititititititititititititititititititititititit-itititititit*ititititititit# 


* 

# 

it 

* 

* 

it 

it 

* 

* 

it 


FREM 


THIS  PROGRAM  CALCULATES  EQUILIBRIUM  COMPOSITIONS 
FOR  COMPLEX  REACTION  SYSTEMS  USING  THE  FREE  ENERGY 
MINIMIZATION  METHOD  DEVELOPED  BY  WHITE  AND 
COWORKERS.  IT  WILL  HANDLE  UP  TO  TWENTY  DIFFERENT 
MOLECULAR  SPECIES  CONTAINING  TEN  DIFFERENT 
ELEMENTS.  ANY  NUMBER  OF  CASES  CAN  BE  ATTEMPTED  WITH* 
AS  MANY  TEMPERATURES  AND  PRESSURES  DESIRED.  * 


c 

* 

* 

c 

* 

INPUT  DATA 

it 

c 

it 

NCASE 

- 

NUMBER  OF  CASES 

it 

c 

* 

DES 

- 

PROBLEM  TITLE 

it 

c 

it 

M 

- 

NUMBER  OF  DIFFERENT  ELEMENTS 

it 

c 

it 

N 

- 

NUMBER  OF  GASEOUS  SPECIES 

fl¬ 

c 

* 

NCON 

- 

CONVERSION  CALCULATION  FLAG 

it 

c 

it 

• • * 1-CALCULATE  CONVERSION  TO  SULFUR 

fl¬ 

c 

* 

...Q-DELETE  THIS  CALCULATION 

it 

c 

# 

NCOP  Y 

- 

NUMBER  OF  COPIES  OF  OUTPUT  DESIRED 

fl- 

c 

it 

ANAM 

- 

SYMBOLS  FOR  ELEMENTS 

* 

c 

* 

SNAM 

- 

THE  NAMES  OF  THE  SPECIES 

* 

c 

* 

X 

- 

THE  AMOUNT  OF  THIS  SPECIE  PRESENT  IN 

it 

c 

* 

THE  STARTING  CHEMICAL  SYSTEM  (EITHER 

* 

c 

it 

NUMBER  OF  MOLES  OR  MOLE  FRACTION) 

fl¬ 

c 

it 

A 

- 

SPECIE  ROW  IN  MASS  BALANCE  CONSTRAINT 

it 

c 

it 

MATRIX 

it 

c 

it 

FRE 

- 

COEFFICIENTS  FOR  FREE  ENERGY  EXPRESSION* 

c 

* 

it 

#**#****##**#  ■*•*■«.  it  ititititit  it  itit  it  itititit  it  itit  it  it  it  itititititit  it  it  it  it  it  it  it  it  it  it  it  it 


DIMENSION  SNAM ( 20 ) 

$  * GX ( 20 ) *  C ( 20 ) 

1  *  F (20) *  A ( 20  *  20 )  »  Y ( 20 
$•10) » AN AM ( 10  ) 

2  » DES ( 20  ) 

DATA  XN AM / 1 X 1  / 


*  FRE ( 20  *  7 ) *X(20) *GA (20*20) »GB(20) 
)  •  B ( 20  )  *  FRC ( 20 )  *NGl ( 20 )  *OTPT ( 20 


C  ***  READ  IN  DATA 


64 

1 


READ  (5*1)  NCASE 
DO  205  I CASE= 1  *  NCASE 
READ (5*64)  (DES( J) *J  =  1»20) 
FORMAT ( 20A4 ) 

RE AD ( 5  *  1 )  M  *  N  >  NCON  *  NCOP Y 
FORMAT (5 15) 


Nl  =  N  +  2 
READ ( 5  »4 ) 
FORMAT ( 20A 
DO  2  I  =  1  *  N 
READ( 5*3  ) 


( A NAM ( J ) *J=1 *M) 

1) 

SNAM ( I ) »  (  A  (  I  *  U  )  *  J  =  1  *  M  )  *X(I) 


4 


- 


•  **  ■  +  '  * 


.  ITIdG^TUO  >1  81--*  ).  d3T AJ^3 JA3  A  00  >  3  SihT  * 
y„  '  lc~  i  3T£Ya  HOI T3A3I  XiJ^-03  FO^  * 
t;  Y  •  .  qc  J  V30  OC  :  .-OITASIMIIM;  * 

r,3>3qqto  YT/.5  7  {  i  ■  ..  jjJ-’aM  JjIW  T1  ><iSi3XSOw03  * 
7k'3'  3^^IO  V  )T  DHlHlATflOO  33133^3  FAJU03J0Y  » 

.  1 1  3C  :»Uee35IM  QUA  337'UT  A7  39V3T  YUA*!  2A  » 

ATAQ  TU<WI 


" 

3dA3tf 

3JTIT  M3J80PS 

“ 

d3C 

« 

d  T » .  3  N  3  J  3  I  i' 3  53333  IG  30  338MJ* 

“ 

« 

ci  i ;  3 33d  dU03dA0  30  flSflMUIrt 

* 

Oj  _H  i  0  1  T  AjvO  JA3  J  OU03V/OD 

“ 

H03/ 

» 

>  U  3  j  J  d  OT  tfG  Id33Vlrt03  3T  A  JU3  JA3-X  .  .  . 

t;  .■  3  .-O  dll  T  }T3J33-Qt*# 

.1  )  -3v  -•  3, 

«■» 

Y  303  V- 

• 

d  -‘3J3  H03  >.  jOc'  Yd 

- 

MAHA 

d:  1 33c  d  DHT  30  d3YA.  3HT 

«■» 

MA/d 

* 

,  I  «.  j  3  U333c  dl  IT  30  TtfUOMA  5HT 

- 

X 

# 

dt-  '  *  -  )  .  Yd  J*  2  i  0/  1  ■’  3A  :  d  3h  T 

# 

.  a  I  3  A  1  0  c  J  flit  ■' J/ 

T  1  Aj-.T d.  03  33  'AJ  d-Af  .11  05  31333d 

- 

A 

XlflTAM 

I  ;. d  -;K  a  .  y<  iy  j  •  33  dT<  J  I  31  33303 

“ 

3533 

* 

■«**#*<  .  *  ,>*******#******#****♦  ♦*»♦♦*»* 

##*#*######*»* 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 


( OS ) 3* (OS) XO#  d 

■%)  m  •  t  s)3  i*(  s>y«  (CS«os)A«  usj  >*x 

(01  )MA/iA*  t  0  X  «* 
<os)d3a#s 

\ *  X 1 \ MAtfX  A  AC 
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FREM 


.  ..  (CONT'D) 


3  FORMAT (A4*1X*10F5«0) 

2  RE AD ( 5  *  5  )  ( FRE (  I  *K ) *K=1*7) 

5  FORMAT  (5E15.7) 

***  ECHO  CHECK  DATA 

DO  43  NCOP  = 1 *NCOPY 

WR I TE ( 6  *  6  )  ( ANAM ( J ) »J=1 *M ) *XNAM 

6  FORMAT ( 1 1' *////*39X*'DATA  ECHO  CHECK •* //37X *' MASS 
$  BALANCE  MATRIX'/ 

1  /25X* 'MOLECULAR' * 2X *  10 ( 2X * A1 • 2X ) ) 

WRITE (6  *65 ) 

fa 5  FORMAT (  2 5X  * 'SPECIE' /) 

DO  66  1=1 *N 

66  WR I TE ( 6 ♦ 40  )  SNAM(I>*  (  A  (  I  *  J  >  ♦  J=  1  *  M  )  ♦  X  l  I  ) 

WRITE (6 *41) 

40  FORMAT (27X*A4*5X*10(F4«2  *1X) / ) 

41  FORMAT ( //*36X* ' FREE  ENERGY  DATA'/) 

DO  43  I  =  1  * N 

43  WRITE(6*42)  SNAM ( I ) * ( FRE ( I  * J )  * J= 1 ♦ 7 ) 

4  2  FORMAT { 1 OX  * A4 *4E 1 5 . 7/ 14X * 3E 1 5 . 7 / ) 

CALL  DISTR(X*Y,B»N*M»A) 

JB  I  =2 

DO  208  ICAT=1*50 
DO  10  NC= 1  *  10 
READ( 5*11 )PRESS*T 

11  FORMAT ( 5  F 10  •  5 ) 

IF(T-.Ol)  206*206*13 

13  OT PT ( 1  * NC ) =T 

OT PT ( 2  * NC ) =PRESS 

***  CALCULATE  F/RT  RATIOS 

DO  12  1  =  1  *N 
NG1(I 5=0 

FRT=FRE(I*1)*(1 *-ALOG (T) ) -FRE ( I*2>*T/2«-FRE( I *3) *T**2 
$/6 

1 •-FRE (  I  *4)*T**3/12#-FRE(  I  ♦5)#T**4/2Q*+FRE(  I  *6  )  /T  —  FRE  (  I 
1*7) 

12  C( I )=FRT+ALOG(PRESS) 

DO  35  JB= 1  *  JB I 

***  COMMENCE  FREE  ENERGY  MINIMIZATION 

DO  14  ITER= 1*100 

CALL  FREN  ( Y * C » F * YBAR * N * NG1 ) 

MG=M+ 1 

CALL  GSET  ( A  * Y »GA *GB *B *F *M *MG »N ) 

CALL  GAUSS (GA*GB *MG*GX ) 
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FREM  ...(CONT'D) 

***  CALCULATE  THE  CURRENT  AMOUNT  OF  THE  ITH  SPECIE  IN 
#**  THE  SYSTEM 


DO  18  I  =  1  *  N 

IF ( NG1 < I )  )  19*19*18 

19  X( I ) *-Y ( I )*< (C( I ) +  ALOG ( Y ( I  )  /YBAR )  )-GX( 1 )  ) 
DO  21  J=  1  * M 
I G= J+ 1 

21  X ( I ) =  X( I )+GX( IG )*A( I *J ) #Y( I ) 

18  CONTINUE 

CALL  NEZE  (X*Y*N*NG1) 

QU I T=  1  • 

C  ***  TEST  FOR  CONVERGENCE 


DO  22  I  =  1  * N 
IF(NGKI))  23  *23  *22 

23  TEST  = (X ( I ) -Y ( I ) ) /X ( I ) 

IF ( ABS( TEST )-0. IE-03 )  22*22*24 

24  QU I T=-l • 

22  CONTINUE 

IF(QUIT)  23*25.26 

25  DO  27  I  =  1  * N 
27  Y (  I ) =X (  I  ) 

14  CONTINUE 

26  DO  32  I  =  1  *  N 
NG1 ( I ) =0 

I  F ( X (  I )  )  33  *33*34 

34  Y(  I  )=X( I ) 

GO  TO  32 

33  Y (  I  ) =0.000001 
32  CONTINUE 

35  CONTINUE 
DEN=0 • 0 

DO  150  I  =  1  *N 

150  DEN=DEN+Y  (  I  ) 

DO  151  I  =  1  *  N 

151  FRC  ( I )  =  Y ( I ) /DEN 
DO  3  6  I  =  3  *  N 1 


11=1-2 

36  OT PT (  I  * NC  )  =  FRC ( I  I ) 
JB  I  =  1 

IF(NCON) 10*10*7 


7  NCP=N+3 

0TPT(NCP.NC)=8.*FRC(1)+6.*FRC(2)+2.*FRC13)+FRC(4) 

OTPT(NCP*NC)sOTPT(NCP*NC)*100./(OTPT(NCP»NC)+FRC(5) 

S+FRC ( 6 ) ) 

10  CONTINUE 


C 


**#  PUNCH  OUT  RESULTS 
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ss*es*es  (  (  I  ) £  OZ ) 9 1 
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FREM  •  •  •  (  COfMT  '  D  ) 


206  NP T  =  NC- 1 

IF ( NPT-1 ) 205*205  *207 

207  DO  208  NCQP= 1  *  NCOP Y 

WR I TE ( 6 ♦ 45  )  (DES(J)  » J  =  1  ♦  20  ) * ( 0  T  P  T ( 1»J)  * J=1 *NPT ) 

45  FORMAT (  ' 1 ’ //////20X *20A4///10X ' TEMP  (DEG  K)  '  *  1 0  (  F  5  •  0 
$  »  2  X  )  ) 

WRITE (6 *300)  (OTPT (2*J) *J=1*NPT) 

300  FORMAT ( 1QX* 'PRESS  (ATM)  '  *  10 ( F5 • 3 » 2X ) / ) 

WR I TE ( 6  *  7  5  ) 

75  FORMAT ( 10X  *  1  MOLECULAR  '  »23X»' EQUILIBRIUM  MOLE 
$  FRACTIONS’ */10X*  'SPEC 
HE'/) 

DO  47  1  =  3  * N 1 
11=1-2 

47  WR I TE ( 6  *46  )  SNAM ( I  I  )  » ( OTPT ( I  * J ) » J  =  1 ♦ NPT ) 

46  FORMAT (12X*A4*6X*10(F6.4»1X)/) 

IF (NCON)208*208  *203 

203  L=N1+1 

DO  2000  J= 1  *  1 0 
2000  OTPT( L*J)=99#99 

WRITE (6 *204)  ( OTPT ( L » J )* J= 1 ♦ NPT ) 

204  FORMAT(/*10X* 'PCT  CONV • » 5X ♦ 10 ( F5 • 2 » 2X ) ) 

208  CONTINUE 

205  CONTINUE 
CALL  EXIT 
END 
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*  GAUSS  * 

*  * 

*  THIS  SUBROUTINE  IS  LISTED  IN  APPENDIX  A  * 

*  # 


END 


C 

C 

C 

c 

c 

c 

c 

c 

c 

c 


-ft-ft-ft-ft-ft-ft-ft-ft-ft-ft-ft  -ftft-ft-ft-ftft-ft-ft-JH  *■  *  *  * -ft -ft  ft  ft  ftftft  ftftftftftftftftftftftftftftftft*  ft ftftft** 


#  * 

*  GSET  * 

*  # 

*  THIS  SUBROUTINE  SETS  UP  THE  MATRIX  EQUATION  WHICH  * 

*  CORRESPONDS  TO  EQUATION  (16)  IN  THE  REVIEW  OF  THE  * 

*  METHOD •  THIS  MATRIX  EQUATION  IS  SOLVED  USING  * 

*  SUBROUTINE  GAUSS.  * 

*  * 


************  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  ******************  *  *  *  *  * 


DIMENSION  R(20,20).A(20»20),Y(20)*GA(20.20)»GB(20) 
$  » B ( 20  ) *  F  (  2  0  ) 

DO  1  K= 1  *  M 
DO  1  J=  1  »K 
R ( J  »  K ) =0 • 0 
DO  2  I  =  1  *  N 

2  R(J#K)=R(J*K)+A(I*J)*A(I*K)*Y(I> 

1  R(K»J)=R(J*K) 

DO  3  I  =  1 #  MG 
DO  3  J= 1  *  MG 

3  GA ( I* J)=0.0 
DO  4  I G= 1 f M 
DO  5  I  =  1  *  N 

5  GA ( IG*1 ) =GA ( IGt 1 )+A( I  * IG)*Y( I ) 

DO  9  J=1 »M 
JG  =  J+ 1 

9  GA ( IG  * JG ) =R ( I G  *  J ) 

JG= I  G  +  l 
I GGSM+1 

4  GA ( IGG* JG ) =GA ( IG  » 1  ) 

DO  10  J= 1 f M 

GB ( J ) =B ( J ) 

DO  10  I  =  1  f  N 

10  GB ( J) =GB ( J ) +A ( I » J ) *F( I ) 

JGB=M+1 

GB ( JGB ) =0 • 0 
DO  11  I  =  1  *  N 

11  GB ( JGB ) =GB ( JGB ) +F ( I ) 

RETURN 

END 
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*■«■■}<■  ■*##■#*  * #■#■* #***■«■#* *** #*#•«-***# *#•*(■*-*# **  * #•«■■*•**  -ft**#  ***#■*•* 


*  * 

*  NEZE  * 

#  * 

*  THIS  SUBROUTINE  TESTS  FOR  NEGATIVE  OR  ZERO  AMOUNTS  * 

*  OF  MOLECULAR  SPECIES  AND  TAKES  THE  CORRECTIVE  * 

*  ACTION  AS  INDICATED  IN  THE  METHOD  REVIEW.  * 

*  * 


**##*****#*##**#  *  *****  *  #*  ft##*#*#*******#  ****  ********** 

DIMENSION  X  <  20  >  »Y(20) *NG1 (20) 

TEST=  1  • 0 

DO  1  1  =  1  •  N 

I F ( NG 1  (  I  )  )  2  »  2  *  1 

2  I  F  (  X  (  I  )  )  3  *  3  » 1 

3  SLAM=-0 • 99#Y ( I ) / ( X ( I ) -Y ( I ) ) 

IF(SLAM-TEST)4*4>1 

4  TEST=SLAM 
1  CONTINUE 

DO  5  1  =  1  *  N 
I F ( NG  1  (  I  )  )  7  ♦  7  *  5 
7  X (  I ) =Y  (  I  ) +  TEST * ( X ( I ) — Y ( I )  ) 

I F  <  X ( I )“0. ICE-10)  6  » 6  »  5 
6  X (  I  ) =0  #0 
NG1 ( I ) = 1 

5  CONTINUE 
RETURN 
END 
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******  **************************  ***************  ******* 


*  * 

*  DISTR  * 

*  * 

*  THIS  SUBROUTINE  IS  USED  TO  GENERATE  A  POSITIVE  SET  * 

*  OF  MOLE  NUMBERS  FOR  ALL  SPECIES  IN  THE  SYSTEM.  * 

*  # 


*************  ***************************************** 


DIMENSION  X  (  20  )  *  Y ( 2  0 )  *  B ( 2  0  )  » A ( 20  »  2  0 ) 
DO  1  I  =  1  *  N 
I  F  (  X  (  I  )  )  2  »  2  *  1 

2  X  < I )=0. 0000001 
1  Y (  I ) =X (  I  ) 

DO  3  J=1  »M 
B ( J ) =0 • 0 
DO  3  1=1 *N 

3  B(J)=B(J)+A( I » J  )  *  Y  ( I ) 

RETURN 

END 
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*******  ******  ******  ***************  ***********  ********* 


*  * 

*  FREN  * 

*  * 

*  THIS  SUBROUTINE  CALCULATES  THE  FREE  ENERGY  * 

*  CONTRIBUTION  OF  EACH  SPECIE  TO  THE  SYSTEM.  * 

*  * 


****************************************************** 


SUBROUTINE  FREN  ( Y *C * F * YBAR * N * NG 1 ) 
DIMENSION  Y(2C)  *  C ( 20 )  *  F ( 20 ) *  N  G 1 ( 20  > 
YBAR=Q • 0 
DO  1  I  =  1 » N 

1  YBAR=YBAR+Y ( I ) 

DO  2  1  =  1  *N 

IF (NG1 ( I )  )  3  *  3  » 4 

3  F(I)=Y(I)*(C(I )+ALOG(Y( I ) /YBAR) ) 

GO  TO  2 

4  F(  I  ) =0.0 

2  CONTINUE 
RETURN 
END 
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INPUT  DATA  FOR  FREE  ENERGY  MINIMIZATION  PROGRAM 
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APPENDIX  C 

REDUCTION  OF  DATA  AND  ERROR  ANALYSIS 


C-l 


C. 1  Mathematics  of  Data  Reduction  and  Sample  Calculation 

A  step  by  step  procedure  is  outlined  below  which  indicates 
how  a  set  of  experimental  measurements  is  reduced  to  kinetic  data 
using  the  data  reduction  program,  NPRDP.  The  sample  calculation  is 
given  for  run  number  CB-1  for  which  the  following  measurements  were 
taken: 


Reactor  Bed  Temperature 
Reactor  Wall  Temperature 
Feed  Pressure  Transducer 
Reactor  Pressure  Transducer 
D/P  Cell 
Catalyst  Weight 


13.11  (millivolts) 
13.10  (millivolts) 
38.70  (chart  pet. ) 
55.00  (chart  pet.) 
12.30  (chart  pet.) 
0.4955  (grams) 


Chromatogram  Results 

Feed  Product 


n2 

h2s 

so2 

n2 

h2s 

so2 

Attenuation 

-14. 

9.8 

9.8 

-14. 

9.8 

9. 

Area 

90.5 

222. 

258.5 

90.0 

179.5 

234. 

Area 

90.5 

221. 

259.0 

90.0 

178.5 

234. 

The  following  equations,  many  of  which  were  developed  by 
instrument  calibrations,  are  used  in  NPRDP  and  the  sample  calculation 
is  given  below. 

Component  area  =  (Average  meas'd.  area) (21. -2.  x  Attenuation) 


-X 
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H2S:N2  molar  ratio  =  0.0418/100.  +  0.5888  x  (H2S  Area/N2  Area) 
S02 : N2  molar  ratio  =  0.0044/100.  +  0.4950  x  (S02  Area/N2  Area) 
Reactor  bed  temp.  =  5.3155  +  18.0706  x  (Meas'd.  millivolts) 
Reactor  wall  temp.  =  6.6860  +  17.9544  x  (Meas'd.  millivolts) 
Feed  system  pressure  =  15.  +  0.25  (Meas'd.  Chart  Pet.) 

Reactor  pressure  =  -  534.85  +  24.806  (Meas'd  Chart  Pet.) 

Feed  Flow  (22.5  psia)  =  1.2265  +  1.5367  A  +  0.0381  Y 

Feed  Flow  (25.0  psia)  =  0.8985  +  1.6844  A  +  0.0212  Y 

Feed  Flow  (30.0  psia)  =  0.7409  +  1.9429  A  +  0.0178  Y 

Feed  Flow  (35.0  psia)  =  0.7955  +  2.0629  A  +  0.0246  Y 

The  results  of  using  these  equations  are  given  below: 

N2  area,  FD.  =  4434.5 
H2S  area,  FD.  =  310.1 
S02  area,  FD.  =  362.25 

N2  area,  PR.  =  4410.0 
H2S  area,  PR.  =  250.6 
S02  area,  PR.  =  327.6 

H2S/N2  molar  ratio,  FD.  =  0.0415 
S02/N2  molar  ratio,  FD.  =  0.0405 

H2S/N2  molar  ratio,  PR.  =  0.0336 
S02/N2  molar  ratio,  PR.  =  0.0368 


■ 
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By  solving  the  set  of  equations  given  below,  the  feed  composition  may 
be  calculated. 


YN2  +  YH2S  +  YS02  ■  1,0 


Vyn2  -  °-0415 


YS02/YN2  =  °-0405 

where  Y.  =  mole  fraction  of  component  i.  The  solution  to  these 
equations  yields  the  following  feed  composition  (molar  basis): 


N2  -  92.41%  * 

H2S  -  3.84%  * 

S02  -  3.74%  * 

Feed  H2S/S02  ratio  -  1.027  * 
Reactor  bed  temp.  =  242. 2°C 

=  515. 2°K 

Reactor  wall  temp.  =  241. 9°C 

=  514. 9°K 

Reaction  temp.  =  (515.2  +  51 4 . 9) /2 

=  51 5.04°K  * 

Feed  system  press. =  24.67  psia 
Reactor  press.  =  829.4  mm  Hg  * 


■ 
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Feed  Flow  (22.5  psia)  =  7.085  SCFH 

Feed  Flow  (25.0  psia)  =  7.067  SCFH 

Feed  Flow  (30.0  psia)  =  7.774  SCFH 

Feed  Flow  (35.0  psia)  =  8.333  SCFH 

Since  the  feed  system  pressure  is  given  as  24.67  psia,  it  is  likely 
that  the  Newton  Interpolation  polynomial  routine  would  calculate  a  flow 
of  magnitude  very  close  to  that  found  for  25.0  psia.  So  this  flow  is 
selected  as  the  flow  rate  of  nitrogen  at  1.0  atmosphere  and  60°F  (SCFH) 
which  would  exist  at  the  measured  conditions.  The  basis  for  flow  rate 
density  correction  is  given  in  Appendix  A,  and  the  formula  is: 


FFm.  =  FF.. 
Mix  N, 


pNp  1/2 

pMix 


(492m 
^520. ' 


where  FF^  =  flow  rate  of  mixture  at  0°C,  1  atm. 

FFM  =  flow  rate  of  nitrogen  at  60°F,  1  atm. 

pN2  =  density  of  nitrogen  at  0°C,  1  atm. 
pM.  =  density  of  mixture  at  0°C,  1  atm. 

As  indicated  in  Chapter  V,  Section  2,  the  ideal  gas  law  was  assumed  to 
apply  so  it  makes  little  difference  whether  densities  are  taken  at  0°C 
or  60°F.  The  molecular  volumes  indicated  in  Table  5.3  were  used  for 


PN2  =  28./22.403  =  1.2498 


calculating  densities. 


' 

H302  \dOA  *  (fifzq  O.es)  won  beel 

' 


N 


*R 
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3 

pMix  =  i|1  MWi  x  vi 

=  29.574/22.3725 
=  1.32189 


where  MW. 


molecular  weight  of  component  i 


y-  =  mole  fraction  of  component  i 


v.  =  molar  volume  of  component  i  (litre) 


=  7.067  ( 


1. 2498Nl/2/492. x 
1 .321 9'  '520. 


=  6.5015  *  FFq 

This  answer  is  very  close  to  the  computer  output  for  CB1  which  is  6.484, 
therefore,  selecting  the  flow  of  7.067  as  calculated  for  25.0  psia  is 
reasonable. 

The  material  balance  calculations  have  been  described  in 
Chapter  V.  The  molar  feed  rate  of  a  component  is  taken  as 


FF.  -  (FF0) (y1)/(Jy1vi) 


where  FF.  =  molar  feed  rate  of  component  i 

FFq  =  volumetric  mixture  feed  rate  at  0°C  and  1  atmosphere 
y .  =  mole  fraction  of  component  i 

v.  =  molecular  volume  of  component  i  at  0°C,  1  atmosphere 
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Taking  Fq  as  6.484,  the  following  molar  feed  rates  are  calculated. 

I  Y.V.  =  22.3725  litre 


FF 

FF 


h2s 

so2 


6.484  x  28.317016  x  0.09241/22.3725 
7.583  gm  moles/hr  * 

=  0.315  gm  moles/hr  * 

=  0.306  gm  moles/hr  * 


It  has  been  pointed  out  that  nitrogen  passes  through  the 
system  unreacted,  so 


FP 


FF.,  =  7.583  * 
N2 


FP 


FP^j  (molar  ratio  of  H2S/N 
7.583  x  0.0336 


2 


) 


=  0.256  * 

FP$q  =  7.583  x  0.0368 
=  0.279  * 


The  product  rate  of  sulfur  is  calculated  on  the  basis  that 
all  of  the  reacted  H2S  and  S02  go  to  the  formation  of  sulfur. 

FPSx  =  ^FH2S+FS02"PH2S“PS02)/X 

=  (0.315  +  0.306  -  0.256  -  0.279)/7.4 
=  0.011  * 
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The  method  of  arriving  at  X  =  7.4  will  be  discussed  later. 

The  product  rate  of  water  is  calculated  on  the  basis  of  the 
amount  of  H2S  and  S02  reacted. 

ph2o  =  (2(Fso2-pso2>  +  fh2s  “  ph2s>/2- 

=  (2. (.306-. 279)  +  .31 5- . 256 ) /2 
=  0.057  * 

Now,  there  will  be  an  error  in  the  material  balance  due  to 
inaccuracies  in  the  chromatogram  area  measurements.  This  error  is 
established  by  calculating  the  product  rate  of  hydrogen. 

PH2  =  FH2s  "  pH2s  ~  ph20 

=  0.315  -  0.256  -  0.057 

=  0.002  * 


The  average  molecular  weight  of  sulfur,  X,  is  calculated 
using  free  energy  minimization  as  described  in  Chapter  III.  The  average 
molecular  weight  is  a  function  of  the  temperature  (reaction  temperature) 
and  the  total  pressure  of  the  sulfur  species.  A  value  of  X  is  guessed 
and  using  it,  P<~  is  calculated  using  the  product  flow  rates  to  deter- 

x 

mine  its  mole  fraction  and  subsequently  its  partial  pressure.  The  free 
energy  minimization  routine,  given  the  sulfur  partial  pressure  and 
temperature* wi 1 1  calculate  the  average  molecular  weight  of  sulfur  based 


X 
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on  sulfur  specie  distribution  (see  Chapter  III,  Figure  3.2).  The 
latest  value  is  compared  to  the  last  calculated  and  if  the  error  ex¬ 
ceeds  0.5%,  the  latest  value  of  the  average  sulfur  gas  molecular 
weight  is  used  for  the  next  guess.  The  cycle  continues  until  the 
error  criteria  is  satisfied.  This  approach  assumes  that  sulfur 
vapor  is  at  equilibrium  and  the  basis  for  this  assumption  is  discussed 
in  Section  2.2.3  of  the  literature  review. 

The  partial  pressures  of  each  of  the  species  in  the  reactor 

are  calculated  on  the  basis  of  the  product  stream  composition  assuming 

/ 

that  the  ideal  gas  law  applies. 


FPi 

p^  =  (reactor  pressure)  (^p^) 


V 

829.4  ( 

7.583x 

8.187' 

PH2S 

=  26.0 

* 

PS02 

=  28.2 

* 

PH20 

=  5.7 

* 

ps 

=  1.1 

* 

X 

PH2 

=  0 

* 

which 

is  calculated 

includes : 


si  T  .(.£;■  utfM  ,  ill  «*>(  6I0  sea)  no  nidf-iJ 9beq3  *|ut.m  no 
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Weight  of  Catalyst/(feed  rate  of  H2S)  =  0.4955/0.315 

=1.57=  WFA  * 

Reaction  rate  of  H2S  =  (fh  s-Pr  )/wc 

=  (0. 315-0. 256)/0. 4955 
=  0.1180  * 

Reaction  rate  of  S02  =  (0.306-0. 297)/0. 4955 

=  0.0560  * 

Product  H2S/S02  ratio  =  PR  $/Ps0 

=  0.256/0.297 
=  0.9201  * 

Conversion  of  H2S(Pct.)  =  100. (FH  S~PH  $)/FH  $ 

=  100.(0. 315-0. 256)/0. 315 
=  18.55  * 

Conversion  of  S02(Pct.)  =  100. (0.306-0. 297)/0. 306 

=  9.05  * 

All  of  the  foregoing  numbers  which  are  marked  by  an  asterisk 
are  part  of  the  print  out  of  the  computer  program. 


C.2  Error  Analysis  of  Kinetic  Data 

The  estimation  of  the  reliability  of  the  kinetic  measure¬ 
ments  may  be  performed  by  replicating  an  experimental  run  several  times, 
calculating  the  mean  value  of  reaction  rate  or  percent  conversion  or 
whatever  and  then  estimating  the  standard  deviation  of  the  errors. 
Caution  should  be  exercised  when  using  this  approach,  however,  because 
it  is  possible  that  instrument  calibrations  would  remain  constant  during 
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the  replication  process,  but  be  subject  to  drift  throughout  the  ensuing 
experimental  program. 

Rather  than  use  this  approach,  the  experience  which  has  been 
obtained  from  the  long  term  operation  of  the  equipment  is  built  into 
the  error  analysis.  The  following  represents  what  is  felt  to  be  the 
combined  error  of  instrument  reading  and  reading  of  the  instrument  by 
the  operator: 

Foxboro  chart  readings  +  0.25% 

Thermocouple  millivolt  readings  +  0.005  MV 
Np  area  measurement  +  0.25% 

HpS  area  measurement  +  0.50% 

S0p  area  measurement  +0.75% 

Using  these  error  estimates,  the  measurement  readings  for 
curve  CB  were  perturbated  and  the  results  tabulated  below  were  calcu¬ 
lated  using  the  data  reduction  program.  It  was  found  that  the  H^S 
area  measurement  was  the  most  important  from  the  stand  point  of  error 
in  the  data.  Therefore,  this  was  the  only  measurement  perturbated  to 
obtain  the  table  below.  The  high  conversion  was  estimated  by  increasing 
the  feed  HpS  area  by  the  possible  error  and  decreasing  the  H^S  area  in 
the  product  chromatogram  by  the  possible  error. 

From  this  it  is  seen  that  in  the  more  pessimistic  sense,  the 
error  in  conversion  level  is  as  high  as  0.85%  which  leads  to  a  rate 
measurement  maximum  error  of  12%  which  applies  to  run  CB4.  For  run 
CB1  the  error  would  be  4.55%.  It  is  felt  that  since  product  chromatograms 
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TABLE  C.l  ERROR  ANALYSIS  OF  H2S  CONVERSION 

Run  Percent  Conversion 

Number  High  Measured  Low 


CB1 

19.36 

18.55 

17.73 

CB2 

13.31 

12.47 

11.61 

CB3 

10.71 

9.85 

8.99 

CB4 

7.93 

7.10 

6.25 

were  replicated  twice  and  feed  chromatograms  were  taken  around  six 
times  in  a  series,  that  the  most  pessimistic  case  as  given  does  not 
exist  and  that  the  average  rate  measurement  error  is  in  the  neighbour¬ 
hood  of  5%. 

C.3  Data  Reduction  Program,  Reduced  Data  and  Data  Summary  Tables 

The  data  reduction  program,  NPRDP,  was  written  in  Fortran  IV 
basic o  Data  input  symbols  and  formats  may  be  obtained  by  consulting 
the  Fortran  listing  on  the  following  pages  which  also  describes  the 
calculation  sequence  and  the  intent  of  the  various  subroutines. 

Preceding  the  program  listing  are  Tables  C.2,  C.3  and  C.4 
which  summarize  experimental  finite  rate  data,  catalytic  activity  test 
data  and  experimental  initial  rate  data.  Immediately  following  the 
program  listing  is  the  data  output  from  NPRDP  for  every  experiment 
which  was  carried  out. 
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■K 

* 

c 

■a 

NPRDP 

* 

c 

* 

# 

c 

* 

THE  INTENT 

OF  NPRDP  IS  TO  REDUCE  RAW  PROCESS 

* 

c 

* 

measurements 

♦  TAKEN  FROM  LABORATORY  RECORDERS* 

TO 

* 

c 

■K 

USEABLE  KINETIC  DATA. 

# 

c 

INPUT  DATA 

* 

c 

* 

NCASE 

- 

NUMBER  OF  SETS  OF  DATA 

* 

c 

* 

NRUN 

- 

RUN  NUMBER 

# 

c 

* 

NFDCR 

mm 

NUMBER  OF  FEED  CHROMATOGRAMS 

* 

c 

NPRCR 

- 

NUMBER  OF  PRODUCT  CHROMAGRAMS 

* 

c 

* 

INCOM 

- 

COMPUTER  GC  RESULTS  FLAG 

c 

...O-NO  RESULTS  INCLUDED 

* 

c 

...1-RESULTS  INCLUDED  ARE  TO  BE 

* 

c 

■K 

AVERAGED  WITH  DISK  INTEGRATOR 

# 

c 

* 

RESULTS 

* 

c 

...2-USE  ONLY  COMPUTER  RESULTS  FOR 

GC 

* 

c 

* 

ANALYSIS 

* 

c 

* 

NCOPY 

- 

NUMBER  OF  COPIES  OF  OUTPUT  DESIRED 

* 

c 

TEMP 

- 

HONEYWELL  MV  RECORDER  READINGS  FOR 

# 

c 

# 

REACTOR  BED*  WALL  AND  FLUIDIZED  BATH 

# 

c 

* 

PRESS 

- 

FOXBORO  RECORDER  READINGS  FOR  FEED 

ABS 

c 

PRESSURE*  REACTOR  ABS  PRESSURE  AND 

FEED* 

c 

■# 

DIFFERENTIAL  PRESSURE  CELL 

r 

V- 

wc 

- 

WEIGHT  OF  CATALYST 

* 

c 

* 

ATTEN 

- 

GC  ATTENUATION  LEVELS  FOR  N2»  H2S 

AND 

* 

c 

S02 

* 

r 

W 

* 

CR 

- 

CHROMATAGRAM  AREA  RESULTS  FOR  N2 * 

H2S 

* 

c 

AND  S02  MEASURED  3Y  THE  DISK  INTEGRATOR* 

c 

* 

AND  THE  COMPUTER 

# 

c 

•K 

*■ 

**#*##****#*#*•***#****#**#•#■■«■***  ********** 


DIMENSION  CR ( 6 ♦ 6  )  >  TEMPO)  »PRESS(3)  ♦  ATTEN  (  6  )  *FDC0M(7> 
$  * PRCOM ( 7 ) » BAL ( 

1 2  »  7 ) *  V ( 3 )  *  T  (  2  *  3  )  *  P  (  2  »  2  )  »  D I  NT ( 3 )  »  DP ( 3  *  3  )  *FDP(3) 

DATA  V/22 40 3. 60*22144. 24*21889. 30/ 

DATA  T/5.3155*18.07 06 *6.6860*17.95 44 *6.3627*17.9853/ 
DATA  P/15.80.25 *-534.851 *24.806/ 

DATA  DP/0.8985*1»6844*0.0212»0.7409*1.9429>0.0178 
5*0.7955.2.0629*0. 

10246/ 

DATA  DINT/25. *30. *35./ 

C  ***  READ  IN  DATA 

READ (5*1)  NCASE 
1  FORMAT (515) 

DO  100  I  N= 1 » NCASE 

READ( 5*1 )  NRUN  *  NFDCR  *NPRCR  » IN COM  » NCOPY 

READ  (5*5)  ( TEMP ( J ) * J=1 *  3 ) * ( PRESS ( J ) * J  =  1 *  3 ) *WC 
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NPRDP 


. .. (CONT'D) 


5  FORMAT ( 7F10 • 5  ) 

READ ( 5  »  5  )  ( ATTEN ( J )  ,j=l,3) 

DO  8  1=1 , NFDCR 

8  READ ( 5  »  5  )  ( CR ( I » J ) ,J=1 *6  ) 

CALL  CHROM  ( FDCOM * CR , AT  TEN > NFDCR , I NCOM ) 

DO  9  1  =  1  » N  P  R  C  R 

9  READ (5*5)  (CR( I ,j)  ,0=1,6) 

CALL  CHROM  ( PRCOM , CR * ATTEN » NPRCR » I NCOM ) 

DO  14  J=  1  *3 

***  CALCULATE  TEMPERATURES  FROM  CALIBRATION  COEFFS. 

T  M  P  =  0  • 

DO  15  1=1,2 

15  TMP  =  TMP  +  T ( I »J)#TEMP(J)*#( I  —  1 ) 

14  T EMP ( J ) =  TMP 

**#  CALCULATE  ABS  PRESSURES  FROM  CALIBRATION  COEFFS. 

DO  16  J=1 ,2 
PRS=0 • 

DO  17  1=1,2 

17  PRS=PRS+P ( I , J ) *PRESS ( J ) ** ( I-D 

16  PRESS ( J ) =PRS 

***  CALCULATE  FLOW  RATE 
M=  3 

PRESS l 3 ) =PRESS ( 3 ) **0  • 5 
DO  19  J  =  1 ,3 
FDP ( J ) =0 • 

DO  19  1=1,3 

19  FDP(J)=FDP(J)+DP(I,J)*PRESS(3)#*(I-1) 

CALL  NIP  (M, DINT, FDP, PRESS(l) »PRESS(3) ) 

###  FLOW  RATE  COMPOSITION  CORRECTION 

ROMIX= (28.*FDCOM( 1 )+34.*FDCOM(2 )+64.*FDC0M(3) ) 

$/ ( FDCOM ( 1 ) *V ( 1 ) +FDCO 
1M ( 2 ) *V ( 2 ) +FDCOM ( 3 ) #V ( 3 ) ) 

PRESS(3 ) = PRESS ( 3 ) # ( 28 • / V ( 1 ) /ROM  I  X ) **0 • 6 

***  CALCULATE  MATERIAL  BALANCE 

DO  10  J= 1 »  3 

10  BAL ( 1  , J ) = FDCOM (J )*PRESS( 3 ) /V(J)*28317 .016 
BAL (2,1) =BAL (1,1) 

BAL ( 2,2) =BAL ( 2 , 1 ) * ( PRCOM ( 2 ) *V ( 1 ) /PRCOM l 1 ) /V ( 2 ) ) 

BALI  2,3) =BAL ( 2 , 1 ) * ( PRCOM ( 3 ) *V ( 1 ) /PRCOM ( 1 ) /V ( 3 ) ) 

BAL(2,4)=2.*(BAL(1»3)-BAL(2,3) ) 
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NPRDP  ...(CONT'D) 

BAL ( 2  »  5 ) =BAL ( 1 »  2 ) +BAL (1*3) -BAL ( 2  » 2 ) -BAL (2*3) 

C  ***  CALCULATE  AVERAGE  MOLECULAR  WEIGHT  OF  SULFUR 

PRS  =  PRESS ( 2 ) /760 • *BAL ( 2  *  5 ) / 8 • 

22  CALL  FREM(PRS*RTEMP*XS) 

PRS1=PRESS ( 2 ) /76Q.*BAL (2  *5 ) /XS 
I F ( ABS ( (PRS-PRS1 ) /PRS1 ) -0*005 )  20*20*21 
21  PRS=PRS 1 
GO  TO  22 

20  BAL( 2 *5 ) =BAL ( 2 *5 ) /XS 

RTEMP= (TEMP ( 1)+TEMP(2) ) /2.+273. 
BAL(2*6)=BAL(1*2)-BAL(2»2)-BAL(2*4) 

C  ***  CALCULATE  REACTION  RATES 

RXH2S= (  BAL  ( 1 *2 ) -BAL(2*2 ) ) /WC 
RXS02= (BAL (1*3) -BAL (2 *3) ) /WC 

C  #**  CALCULATE  FEED  AND  PRODUCT  H2S/S02  RATIOS 

FDRAT  =  BA  L ( 1 *2) /BAL( 1*3 ) 

PRRAT=BAL(2*2)/BAL(2*3) 

C  ***  CALCULATE  CONVERSION  OF  H2S  AND  S02 

H2SCN=(BAL(1*2)-BAL(2*2) ) /BAL ( 1 .2 ) *100 • 
S02CN=(BAL(1*3)-BAL(2*3)  )  /BAL ( 1  *  3 ) * 1 00 • 

PRESS (3 ) =PRESS (3) *28317. 016 

C  ***  CALCULATE  PARTIAL  PRESSURES  IN  REACTOR 

TOT=0 • 

DO  12  J= 1  *  5 

FDCOM( J)=FDCOM( J)*100. 

12  TOT=TOT+BAL(2*J) 

DO  13  J= 1  *  5 

13  PRCOM( J)=BAL(2* J ) *PRESS ( 2 ) / TOT 

C  ***  DATA  OUTPUT 

DO  100  I COP= 1 *NCOPY 

CALL  OUTPT (NRUN  *RXH2S*RXS02  * RTEMP *  PRESS ♦ PRCOM * FDCOM 
$  »FDRAT  *PRRAT  *BA 
1L*H2SCN*S02CN) 

100  CONTINUE 
CALL  EXIT 
END 
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*  * 

*  OUTPT  * 

*  * 

*  OUTPT  HAS  THE  SOLE  FUNCTION  OF  WRITING  OUT  THE  * 

*  CALCULATED  RESULTS  ON  THE  LINE  PRINTER  * 

*  # 


**************** ************************************** 


SUBROUTINE  OUTPT  ( NRUN ♦ RXH2S ♦ RXS02 ♦ RTEMP ♦ PRESS ♦ PRCOM 
$  *  FDCOM »  FDRAT  ♦  P 
1RRAT  *BAL»H2SCN*S02CN) 

DIMENSION  PRESS (3)  *PRC0M(7) »FDC0M(7)  »BAL(2>7) 

WRITE (6  »5 ) 

5  FORMAT ( * 1 » ) 

WR  I  TE  (  6  »  1  )  NRUN 

1  FORMAT ( ////10X* 1  RUN  NUMBER'»I3*  / 37X > ' UN  I TS * / / 1 8 X 
$  * • MASS . 

1 • • GRAM  1 //18X  *  *  PRESSURE . MILLIMETERS  OF  MERCURY*/ 


S/18X* 'TEMPER 

1ATURE . DEGREES  KELVIN*  //18X,  '  TIME . .  .  .  . .  HOUR  '  / 

$ / 1 8X  ♦ *  COMPOS 

UTION . MOLE  PERCENT  '  /  /  1 8  X  »  ‘VOLUME. . STANDARD 

$  CUBIC  CENTI 


1METER ' //18X >' REACTION  RATE • • • GM  MOLES/ ( HR-GM  OF 
$  CATALYST ) ' /// ) 

WR  I  TE ( 6  *  3 )  PRESS ( 3 ) 

3  FORMAT ( 10X » 'VOLUMETRIC  FEED  RATE  MEASURED  BY  D/P  CELL* 
$#llXfF9.1/> 

WR  I  TE ( 6  >2 )  RXH2S  »  RXS02 ♦  RTEMP  *  PRESS ( 2 ) 

2  FORMAT ( 10X ♦ ' REACTION  RATE  OF  H2S'»F7.4»5X  ♦'REACTION 
$  RATE  OF  S02 

1 ' F7.4//10X »' REACTION  TEMPERATURE '♦ F7 . 2 ♦ 5X  ♦'REACTION 
$  PRESSURE 
1  '  F7  •  1 /  ) 

WR  I  TE ( 6  ♦  6 )  FDRAT  ♦PRRAT  »H2SCN>S02CN 
6  FORMAT ( 10X  ♦' FEED  H2S/S02  RATIO  '  ♦FT.A^SX  »'PRODUCT 
$  H2S/S02  RATI 

10*  ♦F7#4//10Xf 'CONVERSION  OF  H2S  '  »F7.2»5X 

$♦' CONVERSION  OF  S02 
1  »  »  F7  •  2  ♦  /  /  /  ) 

WRITE (6  ♦  4  )  (FDCOM (J) *PRC0M(J)#BAL(1»J)  ♦  BAL ( 2 ♦ J )  »J  =  1 
$  ♦  6  ) 

4  FORMAT ( 10X  ♦' MOLECULAR '♦ 5X ♦' FEED '  »6X ♦' PART IAL  PRESSURE' 


$  #4X ♦ ' MATER  I  A 

1L  BALANCE' //I IX  ♦  'SPECIE' ♦ 4X ' COMPOS I T ION ' i4X ♦ ' IN 
$  REACTOR '♦ SX ♦' FEED 

1  PRODUCT ' //13X  ♦' N2  '  ♦  7X  ♦  F6 • 2 ♦ 9X ♦ F6 • 1 ♦ 9X ♦ F7 • 3 ♦ 3X 

<r  c  ~7  3 / / 1 3 X  ♦  ' H2S ' 

lf7XfF6*2f9XtF6*l#9XfF7*3f3XiF7*3//13Xf  '  S  L-  2  1  ♦  7XtF6*2»VX 


$  »F6. 1 t9X  »F7 • 
13t3XtF7.3//13Xt ' H20 


7X*F6«2»9XtF6«l#9XfF7.3#3X*F7.3/ 
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RETURN 
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•ft  * 

*  CHROM  * 

•ft  ft 

*  CHROM  CALCULATES  STREAM  COMPOSITIONS  FROM  THE  * 

*  CHROMATOGRAPHIC  AREA  RESULTS  USING  THE  CALIBRATION  * 

*  COEFFICIENTS  DETERMINED  USING  THE  INTERNAL  STANDARD* 

*  PROCEDURE  * 

ft  * 


***ftftft*ftft*************ft**ft********ft*ftft**ft#ft***ft******* 


SUBROUTINE  CHROM ( COMP * CR » ATTEN * N *  I NCOM ) 

DIMENSION  COMP (7)  * CR ( 6  *  6 ) , ATTEN ( 6 )  ,HSN2(2*3)  »SON2<2) 

$  *CHSN2 ( 2  *3  )  »CS 
10N2 ( 2  ) 

DATA  HSN2 /O • 0418 *0.5888*0.1129,0.6921*0.0547*0.7756/ 
DATA  SON2/0. 0044 *0.4950/ 

DATA  CHSN2/0. 06  20 *0.5824  *0.0232  *0.7115 ,0.0224*0.7901/ 
DATA  CSON2/-0. 1157*0.5037/ 

XN  =  N 

DO  2  J= 1 »  3 

2  ATTEN (J+3)-ATTEN(J) 

DO  1  J=  1  *  6 

CR ( 6  »  J ) =0 • 

DO  1  I  =  1  *  N 

1  CR(6* J)=CR(6»J)+CR( I *J)*(21.-2.*ATTEN( J) J /XN 
I F ( 9 • 6— ATTEN ( 2 ) )  3*4,5 

3  Ml  =  1 

GO  TO  6 

4  Ml  =  2 

GO  TO  6 

5  Ml  =  3 

6  HNRAI =HSN2 ( 1 *M1 ) /100.+HSN2 ( 2  *M1 ) *CR ( 6  *  2 ) /CR ( 6  *  1 ) 

SNRA I =S0N2 ( 1 ) /100.+SON2 ( 2 )*CR (6  *3 ) /CR ( 6  *  1 ) 

I NCOM= I NCOM+1 
GO  TO  (15*11*11)  *  I NCOM 
15  HNRAT  =  HNRA I 
SNRAT=SNRAI 
GO  TO  14 

11  HNRAC=CHSN2(1»M1 )/100.+CHSN2(2*Ml)*CR(6,5)/CR(6*4) 
SNRAC=CS0N2 ( 1 ) /100.+CSON2 (2 )*CR(6*6) /CR (6*4) 

I F ( INCOM-3 )  12*13*13 

12  HNRAT= ( HNRAC+HNRA I ) /2 • 

SNRAT= ( SNRAC  +  SNR A  I ) / 2 . 

GO  TO  14 

13  HNRAT  =  HNRAC 
SNRAT  =  SNRAC 

14  COMP ( 1 ) = 1 • / ( 1 • +HNRAT+SNR AT ) 

COMP ( 2 ) = 1 • “COMP ( 1 ) -SNRAT*COMP ( 1 ) 

COMP ( 3 ) = 1 . “COMP ( 1 ) -HNRAT*COMP ( 1 ) 

I NCOM= I NCOM-1 

RETURN 
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*  * 

*  NIP  * 

*  * 

*  NIP  CARRIES  OUT  AN  INTERPOLATION  USING  NEWTONS  * 

*  INTERPOLATION  POLYNOMIAL  * 

*  * 


**  *  ***  *  *  *  *  **  *  **  ****  *  **********  *  ****  **  *******  *  ****  *  ***  * 


SUBROUTINE  N I P ( M *  X  * Y * BX * SX ) 
DIMENSION  X ( 3 ) *Y ( 3 ) *YX ( 3 ) »F ( 3 ) 
DO  1  I  =  1  •  M 
F  (  I  )  =0. 

DO  1  J= 1 » I 
D=  1  • 

DO  2  K=  1  *  I 
CD=X( J)-X(K) 

IF(CD)  2*3*2 

3  CD= 1 • 

2  D=D*CD 

1  F ( I ) =  F ( I )+Y( J) /D 
YX ( 1 ) =  F ( 1 ) 

DO  4  I  =  2  ♦  M 
11=1-1 
D=  1  • 

DO  5  J= 1  *  I  I 
C=BX-X( J) 

5  D  =  C*D 

4  YX ( I ) =  D*F  ( I ) 

SX  =  0. 

DO  6  1=1 *M 

6  SX=SX+YX ( I ) 

RETURN 

END 
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C  ****************************************************** 

C  .  *  * 

C  *  SUBROUTINE  FRE'M  * 

C  *  * 

C  *  THIS  SUBROUTINE  AND  ASSOCIATED  SUBROUTINES  GSET »  * 

C  *  GAUSS  AND  NEZE  ARE  USED  FOR  DETERMINING  THE  AVERAGE* 

C  *  MOLECULAR  WEIGHT  OF  SULFUR  AT  THE  TEMPERATURE  AND  * 

C  *  PRESSURE  OF  THE  EXPERIMENTAL  RUN.  THESE  SUB-  * 

C  *  ROUTINES  WILL  NOT  BE  LISTED  HERE  SINCE  THEY  ALREADY* 

C  *  APPEAR  IN  APPENDIX  B.  THE  F/RT  DATA  FOR  THE  SULFUR* 

C  *  SPECIES  IS  EMBEDDED  IN  FREM  AS  A  DATA  STATEMENT.  * 

C  *  * 

Q  *******  *********************************************** 


SUBROUTINE  FREM ( PRESS • T ?  XS ) 
END 
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APPENDIX  D 

FILM  AND  PORE  DIFFUSION  RATES 
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D.l  Physical  Properties 

The  physical  properties  of  N2,  H^S  and  S02  must  be  known 
before  mass  transfer  rates  can  be  estimated.  Table  D.l  lists  the 
physical  properties  which  were  used  in  this  Appendix. 


TABLE  D.l 

PHYSICAL 

PROPERTIES  OF  N2, 

h2s  AND 

S02  AT 

500°F ,  1 

Atm. 

Physical 

Property 

Units 

Molecular  Specie 

n2  h2s  so2 

Reference 

Density 

lb/cu.ft. 
gm/ litre 

0.0400 

0.640 

0.0492 

0.788 

0.0936 

1.498 

(i) 

Viscosi ty 

C 

P 

0.0275 

0.0230 

0.0204 

(2) 

Critical 

Temperature 

°K 

125.9 

373.4 

430.2 

(3) 

Molar  Volume 
at  Normal 
Boiling  Point 

ml/gm  mole 

31.2 

32.9 

44.8 

(4) 

Diffusivity  in 
Ni trogen 

cm^/sec 

0.436 

0.342 

Estimated 

(1)  Perry,  J.H.,  "Chemical  Engineers  Handbook",  4th  Ed.,  McGraw  Hill, 
New  York  (19) ,  p  3-71 

Ibid,  p  3-197 

Ibid,  p  3-100 

Ibid,  p  14-20 


. 
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^ ^  Calculation  of  Film  Diffusion  Coefficients 

Data  on  mass  transfer  from  fluid  to  solid  in  gas  systems  are 
commonly  expressed  in  terms  of  a  mass  transfer  coefficient,  de- 
fined  by, 


Ni  =  HG(pi‘piS)  •  (2.35) 

Chilton  and  Colburn(^)  suggested  the  following  basis  for  correlating 
mass  transfer  data, 


f(NRe) 


It  is  usual  to  plot  jD  versus  N~,  where 


N 


2/3 

Sc 


(2.36) 


Figure  2.1  in  Satterfiel d(5 6)  gives  the  variation  of  jD  with  ND  ,  and 
this  information  combined  with  the  physical  property  data  was  used  for 
estimating  mass  transfer  coefficients  in  the  -  H^S  -  SO^  system. 

Mass  transfer  coefficients  have  been  calculated  for  two 
examples  which  both  use  a  gas  stream  composition  of  94%  N2,  4%  H^S  and 
2%  SO^  (molar  basis).  Using  the  methods  described  in  Appendix  A,  the 
density  and  viscosity  of  this  fluid  mixture  were  found  to  be: 

(5)  Chilton,  T.H.  and  Colburn,  A.P.,  Ind.  Eng.  Chem. ,  2£,  1183  (1934). 

(6)  Satterfield,  C.N.  and  Sherwood,  T.K.,  "The  Role  of  Diffusion  in 
Catalysis",  Addison-Wesley  Publishing  Company,  Inc.,  Reading 
Massachusetts  (1963),  p  33. 
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p  =  0.000628  gm/ml  (500°F) 

0.0765  lb/cu.ft.  (60°F) 
li  =  0.0269  cp 

The  first  example  applies  to  the  recycle  reactor  where  the 
flow  rate  is  expected  to  be  3.0  scfm  through  a  bed  of  28/35  mesh  catalyst 
pellets  and  the  bed  has  a  cross-sectional  area  of  0.963  cm2. 

The  second  example  is  for  a  sulfur  plant  using  commercial 
Porocel  catalyst  pellets,  cylindrical  in  shape,  with  a  length  of  1.25 
cm  and  diameter  0.80  cm.  Modern  Claus  type  sulfur  plants  are  designed 
with  converter  space  velocities  in  the  range  of  650  to  900  scfh  of  gas 
per  cubic  foot  of  catalyst  bed  volume^).  On  this  basis  a  converter 
space  velocity  of  775  scfh  gas  per  cubic  foot  of  catalyst  is  selected 
for  this  example.  The  catalyst  is  contained  in  horizontal  drums  60  ft. 
long  and  13  ft.  in  diameter  with  flow  downward  through  the  bed  which  is 
packed  to  a  depth  of  3  to  4  n(7).  These  numbers  were  used  for  deter¬ 

mining  that  the  cross  sectional  area  of  bed  perpendicular  to  the  mean 

2  3 

flow  path  is  0.286  ft  /ft  assuming  that  the  gas  is  evenly  distributed 
and  the  bed  depth  is  3.5  ft. 

The  calculation  results  for  estimating  the  mass  transfer  co¬ 
efficients  for  both  examples  are  presented  in  Table  D.2.  The  values 
for  jD  were  obtained  from  Figure  2-1,  Satterfield  and  Sherwood^. 

The  experimental  program  proved  that  film  diffusion  is  not  a 

Cunliffe,  R.S.,  "Optimizing  Conversion  of  Hydrogen  Sulfide  to 
Sulfur",  paper  at  the  19th  Canadian  Chemical  Engineering  Conference 
and  Third  Symposium  on  Catalysis,  Edmonton,  Alberta,  October,  1969. 
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rate  controlling  phenomena  for  the  Cl aus  reaction  in  the  recycle  reactor 
and  also  that,  for  all  intents  and  purposes,  only  the  external  surface 
of  the  catalyst  is  effective  for  catalyzing  the  reaction.  The  non¬ 
existence  of  film  diffusion  control  in  the  recycle  reactor  will  now  be 
verified,  and  the  sulfur  plant  data  will  be  examined  to  see  if  bulk 
mass  transfer  is  limiting  in  the  selected  situation. 

For  28/35  mesh  catalyst,  the  external  surface  area  pergram  is 
calculated  from 


For  both  spherical  and  cubical  particle  geometry,  Equation  D.l  reduces 
to 


(D.2) 


Examination  of  the  crushed  catalyst  particles  leads  one  to  believe 
that  they  are  more  cubical  than  spherical  in  shape.  Equation  D.2  yields 
=  46.2  cm  /gm  when  the  average  cube  side  length  is  taken  as  0.051  cm 
and  the  density  of  bauxite  as  2.55  gm/ml^- 

At  the  given  pressure  and  gas  stream  composition,  the  partial 
pressures  of  h^S  and  S02  are  30.4  and  15.2  mm  Hg  respectively.  Sub¬ 
stituting  these  values  into  the  following  rate  expression  which  was  cor- 


(8) 


Opcit,  Perry,  J.H.,  p  3-89. 
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related  to  the  kinetic  data,  a  value  of  0.12  gm  mole  H2S/(hr)(gm 
catalyst)  was  obtained  for  the  reaction  rate. 


r  =  k,  E 


1  XPF1 


pmpn 

hApB 


(0.3) 


TABLE  D. 2  CALCULATION  RESULTS  FOR  ESTIMATION  OF  MASS 
TRANSFER  COEFFICIENTS  FOR  H2S  AND  S02 


Recycle 

Reactor 

Sulfur 

Plant 

dp (cm) 

0.051 

1.149 

P(atm) 

1.0 

1.0 

2 

G(gm/sec.cm  ) 

1.803 

0.02814 

2 

G^(gm  mole/sec. cm  ) 

0.0622 

0.00097 

NRe 

341.63 

120.20 

NSc(H2S) 

0.982 

0.982 

nSc(s°2) 

1.252 

1.252 

jo 

0.078 

0.14 

kr(H„S)(Ml|S_) 

b  c  sec.cm^atm 

0.00486 

0.000135 

kG(S02) 

0.00417 

0.000116 

;,,.B  ‘  j 
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The  values  of  the  parameters  and  their  confidence  limits  are  given  in 
Table  6.6. 

Since  the  area  per  gram  of  catalyst  is  known  for  the  28/35 
mesh  catalyst  that  was  used  in  the  kinetic  study,  the  reaction  rate 
will  be  expressed  in  terms  of  external  surface  area  for  comparison 
with  the  diffusion  equation. 


From  Equation  D.4,  rae  =  0.12/46.2  =  0.0026  gm-moles/(hr) (cm2  catalyst). 

If  film  diffusion  is  rate  controlling,  it  is  reasonable  to 

assume  that  the  partial  pressure  of  H^S  on  the  catalyst  surface  is 

zero  in  Equation  2.35.  This  being  the  case,  the  possible  diffusion 

o 

flux  was  calculated  at  0.70  gm-moles/(cm  )(hr)  which  is  more  than  250 
times  as  rapid  as  the  flux  required  to  sustain  the  surface  reaction. 

Similarly,  the  H2S  diffusion  flux  for  the  sulfur  plant  example 
calculates  at  0.0195  gm-moles/(cm  ) (hr) .  This  is  7.5  times  as  rapid  as 
the  flux  required  to  sustain  the  surface  reaction.  In  this  case,  it 
is  evident  that,  as  the  partial  pressure  of  H^S  further  decreases  and 
the  same  ratio  (2:1)  of  H^S  to  SO^  mole  fractions  is  maintained,  the  ratio 
of  mass  transfer  rate  to  chemical  reaction  rate  increases. 

In  conclusion,  theoretical  calculations  as  well  as  experi¬ 
mental  data  indicate  that  film  diffusion  does  not  limit  the  Claus  re¬ 
action  in  the  experimental  apparatus.  It  also  appears  that  the  same 


■ 


' 
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holds  true  for  full  scale  sulfur  plants. 


D.3  Interrogation  of  a  Pore  Diffusion  Rate  Control  Criterion 

Pore  diffusion  phenomena  and  underlying  theory  have  been 
treated  in  Section  2.4.2  of  the  literature  survey,  so  it  will  only 
be  stated  here  that  the  criterion  of  Hudgins  was  the  one  selected  for 
testing.  It  was  selected  because  it  is  simple  to  apply,  and  it  was 
considered  to  be  conservative  (perhaps  even  more  so  than  necessary 
(9)).  This  criterion  requires  that 


(7)  ( J-)  (^_ 

u0  ueff 


) 


< 


1 


(r>  <r 
1'0  r 


r(C0) 


Tc^J 


•) 


(2.48) 


The  same  conditions  which  were  used  for  estimating  film  dif¬ 
fusion  rates  will  also  be  applied  here.  Since  there  was  no  measurement 
of  reaction  rate  at  these  conditions,  it  will  be  assumed  that  F  =  r(Cg) 
and  that  Equation  (2.48)  can  be  approximated  by  Equation  D.5. 


D 


< 


eff 


(D.5) 


The  empirical  expression  for  reaction  rate  described  by  Equation 
(6.12)  will  be  used  for  estimating  r* (CQ) . 

A  decision  must  be  made  on  how  to  calculate  Is  the 

pore  diffusion  ordinary  or  of  the  Knudsen  type?  Rather  than  belabour 


(9)  Peterson,  E.E.,  Chem.  Eng.  Sci . ,  23,  94,  (1968). 
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the  point  of  which  mechanism  predominated,  the  theory  of  the  transition 
region  as  given  by  Scott  et  al(l^)  was  considered.  These  authors 
suggest  that  if  D-^/D^  is  large,  and,  conversely  in  the 

other  limit  with  Di2/Dksmal  1*  Deff  becomes  a  function  of  D^*  There¬ 
fore  anc*  eff  were  both  calculated  using  Equations  (2.39) 

and  (2.40)  respectively.  Surface  area  measurements  obtained  using 
the  BET  method  gave  a  total  surface  area  of  148  m2/gm^^  for  the 
bauxite  catalyst  used  in  this  investigation.  Values  of  0  and  t  (catalyst 
void  fraction  and  tortuosity)  are  not  available  for  bauxite  and  values 
of  0.812  and  0.85  are  used  in  these  calculations.  These  values  were 
determined  by  Henry  et  al(^)  for  pure  alumina  catalyst  pellets.  The 
results  which  were  obtained  for  ordinary  and  Knudsen  effective  diffusion 
coefficients  using  the  above  data  and  previously  described  experimental 
conditions  were  0.417  and  0.0158  cm  /sec  respectively.  Since  the  ratio 
of  the  two  diffusion  coefficients  (D-^/D^)  is  greater  than  25,  it  is 

assumed  that  Knudsen  diffusion  is  the  predominant  diffusion  mechanism 

2 

and  that  =  0.0158  cm  /sec. 

Equation  (6.12)  was  revised  so  that  Pg  could  be  expressed  in 
terms  of  P^.  Since  H2S  and  S02  were  fed  to  the  reactor  in  stoichio¬ 
metric  proportions  in  the  selected  experimental  conditions,  then 

Pb«(j)(Pa)  ( D. 6) 

(10)  Scott,  D.S.,  and  Dullien,  F.A.L.,  A.I.Ch.E.J.,  8,  113,  (1962). 

(11)  DeGermany,  M. ,  University  of  Alberta,  Edmonton,  Alberta,  un¬ 
published  work,  1970. 

(12)  Henry,  J.P.B.,  Chennakesavan ,  B.,  and  Smith,  J.M.,  A.I.Ch.E.J., 

7,  10,  (1961). 
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and  Equation  (6.12)  becomes 


r  =  (ki)(EXPF1)(pA)m(pA/2)n  (D.7) 


Equation  (D.7)  is  next  adjusted  so  that  the  units  of  r  correspond  to 
those  required  by  Equation  (2.48). 

r  (Pp)(k1)(ExpF1)(RT)^(CA)m+n  (D_ 

(3600.) (2)n 


From  Equation  (D.8) , 


dr  (PD)(k1)(EXPF1)(RT)m+n(CA)^-1 
dCA  (3600. ) (2)n 

(pp)(ki)(Expn)(RT)(pA)m+n'1 

(3600. ) (2)n 

=  92.  sec’1 


For  this  calculation,  the  following  numbers  were  used: 


3 

p  =  2.55  gm  catalyst/ cm 
P  (gm-moles  Hg) 

k-j  -  2.198  (hr) (gm-catalyst) 

Exppl  =  exp(-7589/l. 98/533) 

R  =  82.057  x  760. (mm  Hg) (cm3)/(gm-mole)/(°K) 


T  =  533°K 


. 
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=  30.4  mm  Hg 
m  =  0.963 
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n  =  0.359 

This  result  yields  a  value  of  0.011  for  1/r'. 

2 

The  value  of  pQ  /D^^,  which  should  be  less  than  0.011  for 

the  absence  of  pore  diffusion  control,  calculates  at  0.04  when  0.0255  cm 
2 

and  0.0158  cm  /sec  are  used  for  Pq  and  respectively.  It  there¬ 
fore  is  concluded  that  the  criterion  of  Hudgins  for  the  absence  of 
pore  diffusion  control  has  not  been  satisfied. 


APPENDIX  E 

DATA  CORRELATION  AND  PARAMETER  CONFIDENCE  LIMITS 
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E.  1  Parameter  Estimation  Procedure 

The  problem  of  optimizing  functions  with  nonlinear  parameters 
has  been  approached  in  a  variety  of  ways.  Most  techniques  involve  an 
iterative  scheme  which  hopefully  converges  on  the  correct  solution 
after  having  started  from  an  initial  guess  of  the  parameter  values. 
Nonlinear  Last  Squares^  is  such  a  technique,  however  it  is  very 
sensitive  to  the  initial  parameter  estimates,  and  when  "bad  guesses" 
are  made  for  them,  the  method  often  will  not  converge. 

(2  3) 

Similarly,  Rosenbrock's  Method  of  Rotating  Coordi nates v  *  ' 
requires  an  initial  set  of  parameter  estimates  however,  the  procedure 
is  designed  to  be  insensitive  to  bad  guesses.  It  optimizes  the  con¬ 
vergence  path  by  combined  rotation  of  the  ridge  tracking  vector  and 
adjustment  of  the  stepsize. 

To  describe  Rosenbrock's  Method,  the  following  nomenclature 

is  used: 

X  =  ( x-j  ,x2,. .  .xM) ;  a  set  of  M  independent  variables 

Y  ;  a  single  dependent  variable 

A  =  (X1#X2,...,X  )  ;  a  set  of  P  parameters 

Y  =  f(X,A);  a  functional  relationship  either  to  be  fitted  to  data 

or  optimized 

^ Rubin,  D.I.,  Chem.  Eng.  Prog.  Symp.  Series,  59_,  42,  (1963). 

(2Wenbrock,  H.H.  and  Storey,  C.,  "Computational  Techniques  for 
Chemical  Engineers",  64,  Pergamon  Press,  Toronto,  1966. 

^ 3 ^ Wi 1 de ,  D.J.,  "Optimum  Seeking  Methods",  151,  Prentice  Hall,  Inc., 
Englewood  Cliffs,  N.J.,  1964. 
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V1 ,v2*v3*‘ *  * »vp»  a  set  ^  un^t  orthogonal  vectors 
e-|,e2»...,e  ;  a  set  of  P  step  lengths 

6(Y,f(X,A));  the  variance  of  the  fit.  Simply  replace  this  with 
Y  if  one  is  trying  to  optimize  the  function  y  =  f(X,A). 

The  computational  procedure  follows  the  sequence  now  given 
I  A  set  of  P  unit  orthogonal  vectors  is  generated 

v-|  =  (1  0  0  ...  0) 

V2  =  (0  1  0  ...  0) 

• 

v  =  (0  0  0  ...  1) 

P 

A  set  of  P  parameter  estimates  is  guessed. 

A  ~  (X-|  ,^2 »  *  *  * 

A  set  of  P  stepsizes  are  provided 

(e-|  >  •  •  •  »ep) 

II  6(y,f(X,A))  is  evaluated  using  the  initial  estimates. 

Ill  A  is  now  modified  by  changing  it  to  A' (A+v-je^  and  then 
6(y,f(X,A'))  is  evaluated.  If  this  change  was  favourable 


E-3 


(i.e.,  6(y,f(X,A'))  <  6(y,f(X,A))) ,  then  A  is  replaced 
by  A'  and  e^  is  multiplied  by  3.  Next  A'(A+V2e2)  is  used 
for  calculating  6(y,f(X,A'))  and  so  on.  If  a  change  was 
unsuccessful  (i.e.,  6(y,f(X,A'))  >  6(y ,f (X,A) ) ) ,  the  e. 
is  multiplied  by  -  0.5.  The  successive  changes  in  A 
then  are  e-|V-|,  e2V2>  . ..,  epvp»  eivi  •••  This  process  is 
continued  until  oscillation  occurs.  That  is,  until  for 
each  parameter  a  successful  step  has  been  followed  immedi¬ 
ately  by  an  unsuccessful  step.  This  definition  of  oscil¬ 
lation  should  be  strictly  adhered  to. 

IV  Next,  the  axes  are  rotated  according  to  the  following  pro¬ 
cedure. 


Ai  =  (Ai+rAi}  *an  ai2  •••  aip* 

A2  =  a12  •••  alp) 


Ap  =  (0  0 


Note  that  A,+1  -  is  the  total  change  in  the  parameter 
values  which  took  place  in  part  III.  That  is,  a-j-j  is  the 
sum  of  the  successful  steps  taken  for  Xy 


A 


' 
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Then  one  uses  to  construct  a  vector  B^,  normal  to  v-j . 


B2  =  A2  -  (A2'v/2))v1(2) 


bp  ■  ap  -  %  <Vi2))v!2) 


V 


(2)  . 


B 


B. 


Note  that 


A|vi 


■  I 

j-1 


a .  .  v  • . 
ij  ij 


In  the  above  equations,  A-j  is  the  vector  representing  the 

total  progress  made  since  the  axes  were  last  rotated  and 
(2) 

v-j  '  is  a  unit  vector  parallel  to  A-j .  This  procedure,  set 

(41 

forth  by  Rosenbrock  in  his  articlev  ,  is  called  the  Gram 
Schmidt  orthogonal ization  process. 

A  description  of  input  data  symbols  and  their  formats  is  pro¬ 
vided  in  the  heading  of  the  Fortran  listing  of  the  program.  The  number 
of  parameters  and  independent  variables  which  the  program  can  handle  is 


^Rosenbrock,  H.H.,  article  in  "A  Survey  of  Modern  Algebra",  192,  ed. 
Birkoff,  G. ,  and  MacLane,  S.,  The  Macmillan  Company,  New  York,  N.Y. 
1953. 


. 


,  f  ••  *  s*  '  *  *  /ifeu 


nr  e  or j  t6  « *H.H  o  z 


E-5 


limited  to  5  each  due  to  the  dimensioning  of  vectors  and  matrices. 

This  number  of  course  can  be  increased  by  modifying  the  dimension  state¬ 
ments  . 

It  should  be  noted  that  the  names  which  are  assigned  to  the 
parameters  should  be  entered  on  the  appropriate  card  in  the  same  order 
as  they  are  used  in  the  equation  for  the  function.  For  example,  suppose 
one  desired  to  correlate  the  following  expression  to  data: 


Rate  =  Kq 


(-Z/RT)  K!  pK2 


Here  the  parameters  are  Kq,  Z,  K-j  and  Kg  and  the  independent  variables 

are  Pft,  PD  and  T.  If  the  cards  on  which  the  names  of  the  parameters 
A  D 

and  independent  variables  were  punched  up  to  be  entered  as 


Kq  Z  K,  K2 

PA  PB  T 

then  the  equation  which  should  be  entered  in  ROSE  and  VARIA  is: 

FUNC  =  PARI (1 )*EXP ( -PARI ( 2 ) / ( 1 .98*X(J ,3) ) )*X( J ,2)**PAR1 (3) 

...*X(J,2)**PAR1(4) 

An  alternate  approach  to  entering  the  function  to  be  cor¬ 
related  would  be  as  follows: 


■ 


*  •  • 

X 


i  ■ 

. 


■ 
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R  =1.98 
KQ  =  PARI (L) 

Z  =  PARI (2) 

K-j  =  PARI  (3) 

K2  =  PARI (4) 

PA  =  X(J,1) 

PB  =  X ( J ,2) 

T  =  X(0 ,3) 

RATE  =  ^EXPt-zJ/fRnjJW^^Pg**^ 

FUNC  =  RATE 

In  both  cases,  there  is  a  need  for  avoiding  undefined  variables  and 
maintaining  consistency  with  the  input  data. 

Following  the  listing  of  ROSE,  the  parameter  estimates  and 
regenerated  data  for  Equation  6.10  are  given.  A  different  set  of 
values  for  the  parameters  are  found  in  the  computer  output  than  what 
is  found  in  Table  6.6.  The  reason  for  this  is  that  the  program  was 
run  in  single  precision  on  an  IBM  1800  for  demonstration  purposes  only. 
For  accurate  parameter  estimates,  the  program  was  executed  on  the 
IBM  360  in  double  precision  and  the  results  of  such  runs  are  given  in 


Table  6.6. 
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E-2  Estimation  of  Parameter  Interval 

It  was  assumed  that  the  error  of  the  fit  was  normally  distri¬ 
buted  and  with  such  a  distribution,  the  likelihood  function  may  be 
written  as 


L(e)  =  (2to2)  -y-  exp[-  -L  l  (y.  -  f(x.,B))2] 

*  2a  i=l  1  1 


where  n  =  number  of  observations 

x  =  state  variables  vector 

B  =  parameter  values 
? 

a  =  variance  estimate 

“  I  (y,-  -  f(x,,B))2/(n-l) 
i=l  1  1 

The  inverse  of  the  posterior  variance-covariance  matrix  may 
be  written  as 

-32  £n  L (e)  -  32  in  L(e)  -  d2  in  L(e) 

r\  •  •  •  •  ~ 

3B-,  3B-,  3B0  3B-.3B 

I  I  2  Ip 

„-l  _  -  32  in  L(e)  -  32  in  L(e)  -  32  in  L(e) 

U  “  r\  •  •  •  " 

3B-,  3B0  3B9  3B03B 

1  2  2  2  p 

-  32  £n  L(e)  -  32  in  L(e)  -  32  in  L(e) 

1  •  •  •  r\ 

3B-,  3B  3B  3B9  3  Bn 

1  P  P  2  p 


This  is  a  positive,  definite,  symmetric  matrix  which  may  be  inverted  by 


Uv  »tnl  to  noHwiMa-  M 

* 


■ 


'  x 


9*/;nr:  ts  9onf>nfiV  o 
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using  Brown  s  method^  ^  to  give  the  variance-covariance  matrix. 

The  natural  logarithm  of  the  above  likelihood  function  is 
written  as: 


in  L(e)  =  ^  Hn(2TO2)  -  -4  [  I  y,  -  f(x.,B)]2  . 

2a  i=l  1  1 

The  partial  derivatives  of  the  natural  logarithm  of  the  likeli¬ 
hood  function  with  respect  to  the  parameters  may  be  written  as: 


:  <-*  £  0,-m 

3Bj  2oZ  i=l  1  1 


n 


3f. 


■  —  l  (yrfi)  w- 

ad  i=l  1  1  3Bj 


3  in  L(e)  _  J 
3B 


l  i  n  3  fj  3f.  9 

a  l-l  dB.  .i 


i_\2 
J 


.2  On  I  re\  1  n  3  f.  3f .  3f . 

i — £n  L(£)  =  —  r  T  { ( v  -f  )  _ - _ -  _ Lyi 

3B.3B.  2  L  A  uyi  Ti '  3B.3B.  3B  .  *  3B, 

Jk  a  l-l  jk  j  k 


The  covariance  matrix,  C,  is  a  measure  of  the  reliability  of 
the  parameter  estimates.  This  matrix  expresses  the  manner  in  which 
variations  in  the  observations  would  affect  the  parameter  estimates. 
The  diagonal  elements  of  C  are  the  variances  and  their  square  roots 


Brown,  R.G.,  "Smoothing  Forecasting  and  Prediction",  353,  Prentice- 
Hall,  Englewood  Cliffs,  N.J.,  1962. 


xt-rten  aansHsvoD-sonei'-sv  vU  av»e  o t  oortian  e  nwoifl  (>nf*u 


f- 


. 


- 


E-9 

are  the  standard  deviations  of  the  parameter  estimates.  Off-diagonal 
elements  indicate  the  interdependence  of  the  estimates  of  the  various 
parameters . 

Below  is  an  example  of  the  partial  derivatives  of  a  rate 
expression  which  were  required  for  calculating  the  partial  derivatives 
of  the  logarithm  of  the  likelihood  function.  The  likelihood  logarithm 
derivatives  are  the  elements  found  in  the  inverse  of  the  variance- 
covariance  matrix. 


v'  —  -F  —  1/  1/ 

r  -  T  -  K1  KaMb  -  K_i  Kc 

3f_  .  pmpn 
3k]  '  WVB 

H-  (kl  PAPB)(*n  PA> 
f  '  <klPAPB)(*"  PB> 

af  -  pp 
3k_1  '  rc 

|I=-(k.i  PP)Un  Pc) 

0.0 

3^ 


. 


E-l  0 


$=  <ki  papb><*"  pA)2 


<ki  papb><*"  V2 


2 

3  f 


=  0.0 


8k 


-1 


2 

^4  =  -  (k  ,  P?) (jin  Pr)2 

8p  U  L 


8k-, 3  (RAPB^£n  PA^ 
I  m 


W^-  (PAPB)^n  PB> 


2 

8  T 


8k-,  8k  i 


=  0.0 


3ki3P 


=  0.0 


2 

8  T 

8m  8n 


=  (k1  PjJpg)Un  PA)()ln  Pg) 


32f 


8m8k 


=  0.0 


-1 


£f_ 

8m8p 


=  0.0 


"  r*~  ■  N  I 


E-n 


d2f 


9n9k 


-1 


=  0.0 


2 

9  f 

9n9p 


=  0.0 


9k 


^  pc> 


The  computer  program,  CONLM,  which  estimated  the  confidence 
limits  was  written  in  Fortran  IV  basic  and  is  listed  on  the  following 
pages.  Following  the  listing  is  the  variance-covariance  matrix  for  the 
above  example. 
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C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


■#***#■**##•&***#**###**#******#*#*#*#*.*#****#.*  **■***##**# 

#  # 

*  MAINLINE  ROSE  * 

*  * 


*  THIS  PROGRAM  WAS  WRITTEN  TO  OPTIMIZE  FUNCTIONS  * 

*  WITH  A  MAXIMUM  OF  5  NONLINEAR  PARAMETERS  USING  * 

*  ROSENBROCKS  METHOD  OF  ROTATING  COORDINATES.  IT  * 

*  MAY  BE  USED  TO  MAXIMIZE  OR  MINIMIZE  AN  * 

*  UNCONSTRAINED  UNIMODAL  FUNCTION*  AND*  IN  THE  CASE  * 

*  OF  DATA  CORRELATION*  IT  WILL  ESTIMATE  PARAMETERS  * 

*  IN  ACCORDANCE  WITH  THE  MINIMUM  VARIANCE  CRITERION.  * 

*  TO  DETERMINE  IF  A  FUNCTION  IS  UNIMODAL  IN  THE  * 

*  REGION  OF  INTEREST*  A  NUMBER  OF  DIFFERENT  INITIAL  * 

*  GUESSES  FOR  THE  PARAMETERS  SHOULD  BE  ATTEMPTED.  * 

*  * 


*  INPUT  DATA  * 

*  PLEASE  NOTE  THAT  FOR  CURVE  FITTING*  ALL  OF  THE  * 

*  DATA  BELOW  MUST  BE  ENTERED*  BUT  FOR  FUNCTION  * 

*  OPTIMIZATION  ONLY  THE  DATA  MARKED  WITH  A  *  IS  * 


* 

EN 

TERED. 

* 

* 

* 

JTYPE 

mm 

PROGRAM  CONTROL  FLAG 

* 

* 

. . . 1-MAX  I M I ZE  A  FUNCTION 

* 

...2-MINIMIZE  A  FUNCTION 

* 

# 

...3-CORRELATE  DATA  TO  A  FUNCTION 

* 

* 

NFIT1 

- 

NUMBER  OF  SETS  OF  DATA  TO  BE 

* 

* 

CORRELATED 

* 

* 

M 

- 

NUMBER  OF  INDEPENDENT  VARIABLES 

* 

* 

N 

- 

NUMBER  OF  DATA  POINTS  TO  BE  FITTED 

* 

* 

XNAM 

- 

NAMES  OF  THE  INDEPENDENT  VARIABLES 

# 

X 

- 

VALUES  OF  INDEPENDENT  VARIABLES 

* 

* 

Y 

- 

VALUE  OF  DEPENDENT  VARIABLE 

* 

* 

NFITS 

- 

NUMBER  OF  FUNCTIONS  TO  BE  CORRELATED 

* 

* 

NFUNC 

- 

FUNCTION  NUMBER  TO  BE  CORRELATED 

* 

* 

P 

- 

THE  NUMBER  OF  PARAMETERS 

* 

* 

* 

KPN 

- 

NORMALIZATION  FLAG 

# 

* 

...0-NORMALIZATION  DESIRED 

* 

* 

...1-NORMALIZATION  NOT  DESIRED 

* 

* 

Ml 

— 

MAX.  NO*  OF  STEPS  BETWEEN  ROTATIONS 

* 

# 

* 

M2 

- 

MAX.  NO.  OF  ROTATIONS 

* 

NTL 

- 

NUMBER  OF  CARDS  FOR  PROBLEM  TITLE 

* 

* 

* 

DES 

- 

ALPHANUMERIC  DESCRIPTION  OF  TITLE 

* 

* 

* 

pnam 

- 

NAMES  OF  PARAMETERS 

* 

* 

* 

SS 

- 

STEPSIZE 

# 

* 

PARI 

- 

INITIAL  GUESSES  FOR  PARAMETER  VALUES 

* 

##########tt###'fc****tt*^*##*#*###*#******'***'#'*********** 


INTEGER  P 

REAL*8  KQ  *  K1 *  K2  *  K3  *  K4 
DOUBLE  PRECISION 
$»T*PA*PB*PC* 

1PD  *DEV*FUNC*SMXMN 


SS  *VAR1 *  VAR2  *  VAR3 *CT  *R 


I  Jt  I  AM 


MOiTDV  T  31  1T^  ;  c  T  H3TTIBW  2AW  2  IHT 

,  lj  a:  -T  j-  AJ-A'  A3tfl  JtfO/  a  BO  MU  XAY  A  H 

/A  3 S 1  «  I .  AO  3SMIXAM  OT  032U  38  YAM 

• 

3  Af.A°  BTA-'lI  T23  JJl*/  TI  «1A0ITAJ3  -  ATAC 
#J  •  :  }/  I  AN.  V  I/  '-'  3‘“  *  HT  I  *v  33.  A1P033A  /  I 

5^10  -c  ■ 18MUH  A  •Te3fl3TMI  BO  /cit)3« 
,  C  JTT  A  38  0JUUH2  d  •> 3 T 3 ^  A2AC  3HT  f  -  3  23S23U C 

ATAQ  TU^HI 

JJ'  ti^ITTXB  3V2UD  *0  3  TAh  •  TO/,  ^  32  A3  J2 
v  •  V3  i(,  •  T  Ji  tU.  fljT/3  .I'1  T2UM  fcCJBb  A T  AO 
>  m  0  ->  AT,  G  3 '  YJHO  HOI  TASIN  IT°0 

•0323TH3 

-)AjB  J02THO0  v-A^oo^B  -  39YTU  * 
/OITD/UB  A  3SIMI XAM«i • • • 
hOlTOHUI  A  3£IMIHIM'-«£*#« 

/.OI  TDtfUB  A  OT  ATAC  3T A J3280D-C • • • 

38  OT  ATAQ  30  2T32  30  2B8MUH  -  XTIBtf 

a3TAJ32200 


M 
H 

-  MAKX 

-  X 

-  Y 

-  2TiBtf 

-  OHUBtf 

q 


» 

ft 


23J6AI2AV  T  JO  3930^1  BO  qaQMUH 
G  -  T T  I B  3!  OT  2T  'ICB  ATAC  BO  2 ’’QMU!  ’ 

23J6AI2AV  TH30^3q3QHl  3rt‘r  30  1 3MAH 

23Jf  ai >iav  TH30HJq:.'cy.i  o  2  '-»av 

3J8AI2AV  TH30/3q30  BO  3UJAV 

a3TAJ3«2CO  38  OT  238MUM  HOITDHUB 
223T3MA  |A'G  BO  238MUH  3MT 
DA-3  /  v  I  AM  JAM20H 
1230  I  T  AM  j  ■  ■  CH“0  •  •  • 

I 

e^QITATQ*  H33WT38  2q3T2  BO  *0H  #XAM  - 

2/10 1  T  AT 02  BO  *0/  «XAM  -  S* 

3  jT  I  T  M3JG  :>iq  OB  2Q>  AD  BO  238MU/  - 
jJTIT  BO  ,OlTqi2D230  D I  23MU/lAMq  JA  -  230 

2F3T3VA2Aq  BO  2BMAH  -  MAflq 
3S I 2q3T2  -  22 

23UJA\,  2jT  WAflAq  20B  2322300  JAITIHI  -  X2A2  ^ 

vftftft*  *  **•:•#  ft**  •'■****  -.**#1  .  ft***#  fr>.  ***♦♦»* 


« 

ft 

* 

* 

» 

« 
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» 

» 

# 

ft 

ft 

ft 

ft 

» 

ft 


ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 


ft 

ft 


0 

0 

D 

D 

0 

0 

0 

0 

D 

D 

D 

0 

0 

0 

D 

D 

' 

0 

D 

D 

D 

D 

0 

0 

D 

D 

0 

D 


♦  TO*  . Gr  AV*  SV  AVt  if  AV*22 


q  2303THI 
A>* £>• SX« X>* Q*  8*JA32 
HOI2I032B  3J8U0Q 

toq«  eq* Aq#  t»  2 

/.MXM2«3HUBfV30*aqi 
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MAINLINE  ROSE  •••(CCNT'D) 

DOUBLE  PRECISION  ELAM ( 5 ) * OV ( 5  *  5 ) ♦ PAR  1 ( 5 ) ♦ PAR3 ( 5 )  *  X ( 50 
$  *  5 ) *  Y ( 5  0 ) *  BK  ( 

1150*6) 

DIMENSION  DES ( 20  )  *PNAM(6) *XNAM(7)  *XRUN( 100) *IBK(4*10) 

$ ♦ KS ( 5 ) *  KSF ( 5 ) 

1  *  KF ( 5 ) * ARUN ( 100 )  *VX(6) 

DATA  XNAM/*H2S*  *  *  SO  2  *  * '  H2Q ' * 'SX  '*•  ’*'  •*♦  •/ 

DATA  Ml *M2/1Q0*5Q/ 

DATA  IBK/1»24*0*Q*25*33*0*Q>1*33>0*Q*34*73*Q*0*74»85*0 
$*0*34*85*0*0 

1*13* 24 *28*85*28*33* 74 *85*13*24* 34 *73*86*101*0*0/ 

DATA  PNAM/‘  KO  '*'  K1  '*'  K2  '*'  K3  '*»  K4  S'VAR.'/ 
SMXMN= 1 • D+00 

C  ***  READ  IN  DATA  BANKS 

DO  400  1=1*150 

READ (5 *401)  ARUN ( I ) * ( VX ( J )  * J= 1  * 6 ) 

DO  372  J= 1  * 6 
372  BK ( I* J)=DBLE(VX( J) ) 

I F ( BK  < I  *  1 ) -1 • D  +  G3 )400*400*402 

400  CONTINUE 

401  FORMAT ( 2X  * A4 * F7 • 1 ♦ 12X * F7 . 4  * 12X  »4F7 • 1 ) 

C  ***  READ  IN  CORRELATION  DETAILS 

402  DO  300  NFT=1>100 

RE AD ( 5*1 )  P*KPN*NTL*NFUNC*NBANK 

1  FORMAT (515) 

IF(P-IO)  23*23*301 

23  WRITE(6*28) 

28  FORMAT ( 1H1 »/// ) 

DO  24  I  =  1  * NTL 

READ ( 5  *  2 )  ( DES ( J ) *J  =  1»20) 

2  FORMAT ( 20A4 ) 

24  WRITE(6*27)  ( DES ( J ) * J* 1 *20 ) 

27  FORMAT ( 10X »20A4 ) 

READ ( 5  *  1 2 )  SS* (PARK J) *J  =  1*P) 

12  FORMAT (8D10*3 ) 

NN1= IBK ( 1 *NBANK ) 

NN2= I BK ( 2  *NBANK ) 

NN3= I BK ( 3  * NBANK ) 

NN4= I BK ( 4  *  NBANK ) 

J  =  0 

253  DO  250  I=NN1*NN2 
J  =  J+l 

XRUN ( J ) =  A  R  U  N ( I ) 

Y ( J ) =  BK ( I *2) 

X(J*1)=BK(I*1) 

DO  250  K  =  2  *  5 


£1-3 


U-»T/OD>..*  320fl  3MIJMIAM 

t(  ♦  t: )  V  *  (  c  )  .-'AJ3  Id0iai03fl^  3  J  QUO  a 
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ld«0  su 

u  ltd  i)i  >IXt  lYlf  A  .X*  IQS)230  /OUiA3MIO 

(c) da*t (£)ax#« 
ldfXV«  (COI)i  UflA*  t£)3X«i 

\|  »,»  xa  •  « 1  OSH ’ • 1 S08 ' « 1 aSH 1 \MAMX  AT  AQ 

\0£«O0X\SM«XM  ATAG 

C*  ea*  *T*  C«  V*  £T**£t  o«  ££•  X  t  Q«Q«  ££t5S«0*  0#  *S«  I\X8I  AT  AO 

0*  0#  £  B*  *£  •  0#  8 

\Qt 0*  X -X#a8«  £Yt*£t*S«  CXt^r  t*V#€£t  0St£8«8£t  *S«£X*  X 
N'.^AV1#1  « ♦ •  £X  • t 1  SX  * • 1  XX  * • *  OX  ' \MA|dH  ATAG 

00+0*  X*/MXM2 

2XtfA0  ATAG  /I  a A3*  **«  0 

0£i <  x 8 1  oo*  oa 

(  f*X3c*  ( y);  v)  •  ( I  U'u:  a  (  io*«£  )GA:3H 

a  •  X  *  L  ST£  oa 

(  (UXV)3J0O»(w#t  )>a  SY£ 
SO*t  :  •  f  u.<A(  £0*0 #1-1  !•  IIMIM 

3UKIT/03  00* 

( X.Y3*tXSlt*.r3,XSXtI.r3.*AtXS>TA*03  10* 

eJIAT3'J  01TAJ3fl*03  Ml  0A3*  ***  0 

Q0X*i*T3/.  C0£  00  SC* 
t  >‘L  •  W  JT/1 1 .  (I«£)GA3' 

(£I£)TAvfl03  X 
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( \\\* XHX ) TAMH03  8S 
J T / ♦ X * I  *S  00 
(CSfX*Lt (L)£30)  (S*£)0A3fl 

( *AOS ) T Avfi03  S 
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MAINLINE  ROSE  ...(CONT’D) 


J J=K+2 

250  X( J*K)=BK( I *jj) 

I F ( NN3  )  251  *251  *252 
252  NN 1=NN3 
NN2=NN4 
NN  3  =  - 1 
GO  TO  253 

251  N  =  J 

WR  I  TE  (6  *29  )  ( PNAM ( J )  * J  =  1 *P  )  * PNAM ( 6 ) 

29  FORMAT( //*1CX* •ROTATION  NO • ’ » 6 { 5 X ♦ A4 * 6 X ) / / ) 

C  ***  GENERATE  INITIAL  SET  OF  ORTHOGONAL  VECTORS  AND 

C  ***  NULL  SCALING  FACTORS 

DO  5  I  =  1  *  P 
KSF (  I  ) =0 

5  PAR3 ( I ) =PAR1 ( I ) 

14  DO  67  I  =  1  *  P 

DO  6  J=1 »P 

6  OV( I  *  J ) = 0 • 0D+00 
67  OV ( I » I ) = 1 • 0D+00 

C  ***  CALCULATION  OF  FUNCTION  VALUE  FOR  INITIAL  GUESSES 

CALL  VAR  I A  ( PAR  1  * KSF ♦ P * VAR2 » N »NF T *  X  * Y * NFUNC ) 

VAR2=VAR2#SMXMN 

VAR1= VAR2 

VAR3  =  VAR  1 

COUNT  =  0 • 

C  ***  COMMENCE  ROSENBROCK  ALGORITHM 

DO  7  KKK=1»M1 

***  GENERATE  INITIAL  STEPSIZES  AND  SUCCESS/FAILURE 
#**  FLAGS 

DO  B  5  I  =  1  *  P 

ELAM ( I )=5S*(10.D+00)**KSF( I ) 

KS ( I ) =0 
85  KF  (  I  ) =0 

C  ***  COMMENCE  RIDGE  TRACKING 

DO  80  KLP= 1  *  M2 
DO  90  I  1  =  1  *P 

C  ***  ADJUSTMENT  OF  PARAMETERS 


DO  9  I  =  1  *  P 


(  .  *  T .  JJi  •••  32  1  3AI  Ji  IA' 

1 1  - 

lu»  1  )>^  *  t  >  •  U  )  X  •  0  c  S 

s ^s#xes;#ies  te;*  mi 

£flH*X^  1  S2S 
AMpSMI 


I  — CM 
E£S  OT  00 
y«H 

(d>  ••-''ll  I9t  I*C*  (L)"Ai'V  )  t  9  ^  ♦  c  »  1  i 


xes 

9S 


J4/03  'iThC  ^0  T  -J e  JAITinl  jn  A83l-30 

SflOTOA^  01  IJAOe  JJUtf  *** 


q*i*i  e  oo 
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00+00.0*  1 1-«  I  )  VO  <5 
00+00.1*1 I • I ) VO  Td 

ua  j ai t i n i  ?  3  ::lj/  v  /•  it>j  30  /oxtaju*  ja:  *** 

(  y  i,'  *  Y  *  X  •  /  *  «  S £1AV  *  9  ♦  32  >  •  [  >  A c-  >  J  ^  *' 

IX  2*SflAV-S»AV 
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mmT I  900 J A  >30fl8rt320fl  30H3  -  AOO  *** 

Itf.I****  T  00 

20AJ3  *** 

q*x*i  e t*  oa 

(I)  <2>  +  M  OO  +  C  .OX  )  *22*  (I  )f/ A  J3 
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3H>DAFT  30GIS  33^3V(MOO  *** 

SytX»^J>  08  00 

q*x*n  09  oc 

2*3T3vAflA<i  30  T/3MT2UL0A  *** 

q  •  x  *  i  9  oo 
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MAINLINE  ROSE  ...(CONT'D) 

9  PARI  (  I  )  aPARl ( I ) +0V ( 1 1 * I ) *ELAM (II) 

***  CALCULATE  NEW  FUNCTION  VALUE  AND  COMPARE  TO  OLD 
***  ONE 

CALL  VAR  I  A  ( PAR  1  * KSF * P » V AR2 * N * NFT *  X ♦ Y * NFUNC ) 
VAR2=VAR2*SMXMN 
COUNT=COUNT+l* 

I F ( VAR1-VAR2 )  10*101*101 

**#  SUCCESSFUL  STEP*  ADUST  STEPS  1 2E  AND  SET  SUCCESS 
***  FLAG 

101  VAR 1 = VAR  2 

ks  ( i  n*i 

ELAM (  II ) =ELAM ( I  I  )*3.0D  +  00 
GO  TO  81 

***  UNSUCCESSFUL  STEP*  RETURN  TO  PREVIOUS  PARAMETER 
***  VALUES*  ADJUST  STEPSIZE  AND  DIRECTION  AND  SET 
***  FAILURE  FLAG 

10  DO  13  I=1*P 

PARK  I ) =PAR1 ( I ) -ELAM ( I  I ) *OV ( I  I  *  I ) 

13  CONTINUE 

ELAM ( I  I ) =ELAM ( I  I ) / (-2.0D  +  0  0) 

KF (  1 1 >=KS( I  I ) 

KS(  II )=0 

***  TEST  FOR  OSCILLATORY  STEPPING  STATUS  AND  MAGNITUDE 
***  OF  STEPSIZE 

81  DO  82  I*1#P 
CT  =  ELAM ( I ) /PARI  (  I  ) 

CTEST=DABS ( CT ) 

IF ( CTEST- 1 • D-08 )  82*82*505 

505  I F ( KF ( I ) )  82*90*82 

82  CONTINUE 
GO  TO  83 

90  CONTINUE 
80  CONTINUE 

83  CONTINUE 

C  ***  ROTATION  OF  AXES 

CALL  ROTAT (P*PAR1 *PAR3  *OV) 

C  ***  DATA  OUTPUT 


DO  40  I  =  1  *P 
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MAINLINE  ROSE  •••(CONT,D) 

PARK  I  )  =PAR  1  (  I  )  /  (  ( 10.D+Q0 )  **KSF  (  I  )  ) 

40  CONTINUE 

WRITE(6*26)KKK* ( PAR  1 ( I  )  *  I  =  1  *  P )  »VAR1 
26  FORMAT ( 1QX  * 15  *7X*7D15.8 ) 

DO  17  I  =  1  *P 

PARK  I ) =PAR1( I ) * ( ( 10.D+00 ) **KSF  {  I  )  ) 

17  PAR3 ( I ) =PAR 1 ( I ) 

IF (DABS ( VAR1-VAR3  J-l.D-12 )  30*30*310 
310  VAR3=VAR 1 

IF(KPN)  7*30*7 
7  CONTINUE 

30  IF(KPN-l)  102*100*102 
102  KPN= 1 

CALL  TORM  (P*PAR1*KSF) 

DO  11  I  =  1  *  P 
11  PAR3 (  I ) =PAR1 (  I  ) 

GO  TO  14 
100  DO  31  I  =  1  *  P 

31  PARI ( I ) =PAR1 ( I ) / ( ( 10.D+00 ) **KSF( I ) ) 

WR I TE ( 6  > 1 8  )  (XNAM(J) *J  =  1*3) 

18  FORMA T ( / / * 40X  *  1  DATA  REGENERAT ION ' // 10X *  *  RUN 
$  DEVIATION  CALCULATED 

1  OBSERVED  ' *4X» ' TEMP. • * 2X * 3 ( 5X • A3  * 3X ) / 10X » 1  NO. » *  1 2X 
$ ♦ ' FUNC  VALUE  FU 
INC  VALUE1/) 

DO  15  J=  1  * N 
FUNC=0 • D  +  QQ 

C  ***  FOR  DATA  CORRELATION*  INSERT  FUNCTION  NEXT 

R= 1 • 98D+00 
T  =  X ( J  *  1  ) 

PA  =  X ( J  » 2  ) 

PB  =  X ( J  *  3  ) 

PC=X( J*4) 

PD=X ( J»5 ) 

K0  =  PAR1 ( 1  ) 

K 1 =PAR1 (2) 

K2=PAR1 (3) 

K3=PAR1 (4) 

K4=PAR1 ( 5 ) 

GO  TO  ( 200 *201 *202 *203 *204 *205 *206 *207 *208 *209 ) *NFUNC 

200  FUNC®K0*PA**1.5#PB/ ( 1»+K1*PA##.5 ) 

GO  TO  210 

201  FUNC=K0*PA**1.5^PB/( l.+Kl*PA**.5+K2*PB) 

GO  TO  210 

202  FUNC=KO*DEXP ( -Kl/ ( R*T ) ) *PA**. 8624*PB** . 3563 
GO  TO  210 

203  FUNC=KO*DEXP (-K1/ (R*T ) ) *PA**K2#PB** . 3563 
GO  TO  210 
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MAINLINE  ROSE 


. . • (CONT  »D ) 


FUNC=KQ*DEXP (-K1/ (R*T ) ) *PA**K2*PB**K3 
GO  TO  210 

FUNC=K0#PA**2*PB/ ( 1 • D+00+Kl*PA+K2*PB )**3 
GO  TO  210 

FUNC=K0*PA*PB/ ( 1 .D+0Q+K1*PA ) 

GO  TO  210 

FUNC=KO*PA*PB/( 1 * D+00+Kl*PB ) 

GO  TO  210 

FUNC=KO*PA*PB/ ( l.D+00+Kl*PA**.5+K2*PB ) **3 
GO  TO  210 

FUNC=K0*PA**0.5*PB/( 1 • D+Q0+K1*PA**0 . 5+K2*PC ) **2 

CONTINUE 

DEV=Y(U)-FUNC 

WR I TE ( 6  » 1 6  )  X  R  U  N ( J  )  » DE V » FUNC > Y ( J ) *(X(J*I)*I=1»4) 

FORMAT ( 10X*A4»D  10.2 *D 10.3 »2X >2010*3  *  3D  11. 3) 

CONTINUE 

CONTINUE 

CONTINUE 

STOP 

END 
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*  #•*#*  #**-*•&•&#***  *•#**#********#*#***•*■«■*■•**■*•#*****#■******* 


#  # 

*  VAR  I A  * 

#  # 

*  this  subroutine  calculates  the  value  of  the  * 

*  FUNCTION  TO  BE  OPTIMIZED*  OR  THE  VARIANCE  FOR  * 

*  CURVE  FITTING.  * 

*  * 


#  **********  *#*&#**•*•**  *■**#*■#•■***■*•  ***•»■***  **************** 

SUBROUTINE  VAR  I  A  ( P AR1 * KSF » P * VAR2 * N * NF T *  X » Y » NFUNC ) 
INTEGER  P 

REAL*8  K0»K1*K2*K3»K4 

DOUBLE  PRECISION  DEV2 * T * R  .  PA » PB *  PC  *  PD 

$  * FUNC  * VAR2 

DOUBLE  PRECISION  PARKS)  *  X  (  5  0 . 5  )  *  Y  (  50  ) 

DIMENSION  KSF ( 5 ) 

DO  5  1=1 *P 

5  PARI (  I ) =  P AR 1 ( I ) / (  ( 10.D  +  00 ) **KSF( I )  ) 

DEV2  =  0 • 0D+00 
DO  2  J= 1  * N 

C  ***  FOR  DATA  CORRELATION*  INSERT  FUNCTION  NEXT 


T  =  X ( J  *  1  ) 

R= 1 • 98D+00 
PA  =  X ( J  *  2 ) 

PB  =  X { J  *  3 ) 

PC=X <  J*4  ) 

PD=X ( J»5 ) 

K0=PAR1 ( 1 ) 

Kl =PARl ( 2 ) 

K2=PAR1 ( 3 ) 

K3=PAR1 (4 ) 

K4=PAR1 ( 5 ) 

GO  TO  ( 200  *201  *  202  *203  *  204 *205  *206  *  207  *208  *209 ) *NFUNC 

200  FUNC=K0*PA**1 .5*PB/ ( 1 .+K1*PA**. 5 ) 

GO  TO  210 

201  FUNC=K0*PA**1.5*PB/(1.+K1*PA**.5+K2*PB) 

GO  TO  210 

202  FUNC=KO#DEXP ( -Kl / ( R*T )  )  *PA**«  8624*PB** •  3563 
GO  TO  210 

203  FUNC=K0*DEXP(-K1/(R*T) ) *PA**K2*PB** • 3563 
GO  TO  210 

204  FUNC=K0*DEXP(-K1/(R*T) ) *PA**K2*PB**K3 
GO  TO  210 

205  FUNC=K0*PA**2*PB/( l.D+00+Kl*PA+K2*PB)*#3 
GO  TO  210 

206  FUNC=K0*PA*PB/ ( l.D+C0+Kl*PA) 

GO  TO  210 

207  FUNC=KO*PA*PB/ ( 1 • D+00+Kl*PB ) 

GO  TO  210 
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VAR  I  A 


. .. (CONT'D) 


208  FUNC=KO*PA*PB/ ( 1 • D+00+Kl*P A*# . 5+K2*PB ) **3 
GO  TO  210 

209  FUNC=K0*PA**0.5*PB/ ( l.D+00+Kl*PA**0«5+K2*PC>**2 

210  CONTINUE 

DE  V2  = (Y ( J)-FUNC )**2+DEV2 

2  CONTINUE 
CFT=FLOAT ( N-l ) 

VAR2=DEV2/D3LE (CFT ) 

DO  3  1  =  1  »P 

3  PARI ( I ) =PAR 1 ( I ) *( ( 10*0+00 ) **KSF( I ) ) 

RETURN 

END 
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*******##***####*#******#****#*#■**■«-***.*  *■«■#***.)<■***#*#*■«■ 


#  # 

*  ROTAT  * 

#  * 

*  THIS  SUBROUTINE  ROTATES  THE  AXES  USING  THE  GRAM  * 

*  SCHMIDT  ORTHOGONAL  I Z AT  I  ON  PROCESS.  * 

*  * 


*■**■**■*  ***  ##*****■«•#*#•■*#  •**■#•# 

SUBROUTINE  ROTAT ( P > PAR  1 # PAR3 » OV ) 

INTEGER  P 

DOUBLE  PRECISION  S»SO*DOG 

DOUBLE  PRECISION  A ( 5 »5 ) »B ( 5 i 5 ) *PAR1 ( 5 ) *PAR3 ( 5 ) *OV ( 5 »5 ) 
DO  1  I  =  1  *  P 
DO  1  J=1*P 
A ( I  *  j ) =0 • 0D  +  00 

1  B (  I  *  J ) =0 • 0D+00 
DO  2  I  =  1  *  P 

DO  2  J=I »P 

A (  I  » J )=PAR1 ( J)-PAR3 ( J) 

2  B(I»J)=A(I*J) 

SOsO • 0D+C0 

DO  3  J=1»P 

3  SO  =  SO  +  A ( 1  * J ) **2 
S=SO**0 • 5 

DO  4  J=1 »P 

4  OV(l»J)=A(l*J)/S 
DO  5  I  =  2  *  P 
MI=I-1 

DO  6  K= 1 #  M I 
DOG=0 .0D+00 
DO  7  J= 1 »P 

7  DOG=DOG+OV(KiJ)*A(K»J) 

DO  8  J=1»P 

8  B {  I  ♦  J  )=B(  I  »J)-DOG*OV(K* J) 

6  CONTINUE 

S0=0*0  D+00 
DO  9  J»1#P 

9  SO  =  SO  +  B ( I  9 J)**2 
S=SO**0  •  5 

DO  10  J=1*P 

10  OV ( I  *  J ) =B ( I  * J ) /s 

5  CONTINUE 
RETURN 
END 
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*****************************************  ************* 


*  * 

*  TORM  * 

*  * 

*  THIS  SUBROUTINE  MAPS  THE  PARAMETERS  BETWEEN  0.1  * 

*  AND  1.0  * 

*  * 


****************************************************** 

SUBROUTINE  TORM  (P.PARltKSF) 

INTEGER  P 

DOUBLE  PRECISION  PAR1(5)»PP1 
DIMENSION  KSF ( 5 ) 

DO  1  I=1.P 

1  KSF ( I ) =  0 
DO  2  1=1 *P 
PP1=DLOG10 (PARI ( I ) ) 

IF(PPl)  3  f  4  *  4 

3  KSF ( I )=PP1-1 
GO  TO  2 

4  KSF ( I )=PP1 

2  CONTINUE 
RETURN 
END 


: .0  -  •  3>3T3H  At  ht  ««a:-  '.ruofaue  ei--»  * 

-  •  I  J 


(  .  I  .  1  '  -'JC  - 

q  StBOBTHI 

,  )  MIX-  -  ■ 

—  —  -  — 


i  na;  rtOta:  I 
- «  X  *  I  X  O' 
0»U>^2>  X 


1 1 1 1  x»ai)  oxooja*>iflci 

uqqni 

x-jqq.(  E 


S  OT  00 

iqc*<ni3>  * 

3UtflTrt03  S 


RATE=K0#PA**K1*PB**K2 


E-22 


t-H 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

co 

o 

o 

O 

O 

o 

o 

O 

O 

O 

o 

O 

o 

o 

O 

O 

O 

o 

o 

o 

o 

o 

o 

3 

1 

1 

1 

1 

1 

1 

J 

1 

i 

1 

1 

1 

1 

i 

1 

i 

1 

1 

1 

1 

t 

1 

| 

UJ 

UJ 

UJ 

LlI 

UJ 

LlI 

UJ 

LU  UJ 

UJ 

UJ 

UJ 

UJ 

LlI 

UJ 

UJ  LU 

UJ 

UJ 

UJ 

LU 

LU 

UJ 

l C\ 

1 — 1 

CO 

O' 

CM 

CO 

H 

00 

O' 

oo 

-£> 

o 

CO 

o 

4- 

00 

4^ 

00 

4- 

o 

o 

o 

lA 

• — 1 

CO 

CO 

vO 

CM 

in 

r~- 

CO 

CO 

rH 

CO 

rH 

CM 

O' 

CM 

in 

in 

O' 

r- 

CM 

(M 

• 

Is- 

o 

so  r- 

CO 

in 

CO 

00 

4"  cm 

vO 

i — 1 

CO 

in 

O' 

co 

4" 

<M 

o 

O' 

rH 

«H 

cm  r~ 

• — 1 

o 

o 

CO 

CO 

u> 

oo 

vO 

CM 

C0 

-O 

rH 

r~- 

CO 

no 

CO 

4- 

in 

o 

o 

iO 

<  <M 

irt 

r~- 

o 

CM 

m 

« — 1 

CM 

in 

o 

4- 

r- 

4- 

« — 1 

M3 

O' 

n 

vO 

CO 

CM 

CO 

in 

in 

>  vO 

O' 

o 

m 

4^ 

3 

00 

CO 

CM 

3 

O' 

00 

r-~ 

CM 

rH 

CM 

in 

CO 

1 - i 

1 — 1 

O' 

O' 

CM 

CM 

O' 

vO 

CO 

CO 

o 

vO 

in 

3 

CO 

CO 

CO 

CO 

o 

CO 

o 

rH 

O' 

vO 

1 — 1 

o 

o 

CM 

O' 

CO 

r~- 

m 

m 

4- 

4" 

4 

4 

4" 

CO 

CM 

rH 

rH 

CO 

4- 

CO 

CO 

CO 

CO 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

3 

«H 

rH 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

1 

o 

o 

o 

o 

o 

o 

o 

LlJ 

UJ 

UJ 

UJ 

LlI 

UJ 

UJ 

UJ 

UJ 

UJ 

UJ 

LlI 

UJ 

LlI 

UJ 

1 

lu 

1 

LU 

LU 

LU 

UJ 

UJ 

LU 

LU 

o 

o 

m 

1 — 1 

CO 

m 

CM 

4- 

vO 

o 

vO 

CM 

in 

CO 

m 

4- 

o 

in 

m 

4- 

4" 

<n 

o 

CO 

CO 

CO 

O' 

CO 

m 

in 

CM 

in 

O' 

CO 

O' 

lO 

vO 

CM 

oo 

m 

r- 

r- 

v£» 

1 — i 

o 

f-J 

in 

CM 

rH 

rH 

CO 

r~- 

in 

in 

CO 

H 

r- 

4" 

4 

CM 

CM 

r- 

O' 

n 

CO 

« — 4 

CM  O' 

in 

O' 

o 

* — 1 

O 

vO 

rH 

o 

O' 

o 

O 

4' 

r- 

H 

O 

co 

f- 

CM 

vO 

H 

in 

n 

v:  o' 

CO 

i0 

CO 

m 

f-H 

OO 

CM 

r- 

rH 

CM 

CO 

r- 

O 

o 

co 

4- 

co 

co 

O' 

* — 1 

vO 

.H 

f"- 

CM 

O' 

CO 

00 

Is- 

r- 

n 

in 

4^ 

4- 

co 

CM 

co 

vO 

CM 

in 

n 

CO 

i — 1 

o 

O' 

00 

r- 

vO 

'O 

'O 

in 

in 

n 

in 

CO 

in 

CO 

i — i 

O 

CM 

w-i 

<3 

CM 

CM 

3 

m 

in 

4- 

4^ 

<r 

4- 

<r 

4" 

CO 

rH 

CO 

4- 

1 — 1 

CM 

CO 

4- 

4- 

O 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

O 

o 

O 

O 

o 

1 

I 

I 

i 

1 

I 

1 

i 

i 

l 

1 

1 

1 

1 

I 

1 

o 

o 

o 

* — 1 

i — 1 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

1 

o 

1 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

LlI 

LlI 

UJ 

UJ 

LlI 

LU 

UJ 

UJ 

LlI 

UJ 

UJ 

UJ 

UJ 

LU 

UJ 

LU 

UJ 

UJ 

LU 

LU 

LU 

LU 

LU 

O 

CO 

O' 

O' 

r~ 

O' 

o 

O' 

vO 

CO 

4- 

o 

CO 

CM 

rH 

r~- 

O' 

r- 

O 

4- 

CO 

00 

CO 

m 

m 

CO 

vO 

O' 

« — 1 

vO 

O 

CM 

vO 

vO 

CO 

n 

O' 

4- 

CO 

vO 

00 

O' 

r- 

lO 

o 

O' 

i — 1 

vO 

m 

00 

O' 

CM 

vO 

n 

«H 

CO 

rH 

in 

CO 

o 

4- 

«-» 

•H 

r- 

sO 

CM 

H  O' 

vO 

rH 

00 

4- 

lO 

r- 

00 

3 

<r 

o 

in 

CM 

CM 

r- 

CO 

co 

r~~ 

r- 

o 

n 

rH 

1 — 1 

O' 

<1- 

vO 

00 

m 

<1- 

CM 

in 

OO 

CM 

O' 

i — i 

1 — 1 

r- 

CO 

rH 

00 

r- 

in 

o 

vO 

CO 

CO 

O' 

r- 

00 

vO 

o 

O' 

<r 

t — 1 

00 

CO 

in 

CM 

CM 

O' 

iO 

4- 

CM 

rH 

O' 

co 

i£> 

lO 

o 

CO 

o 

m 

lO 

m 

T — l 

in 

o 

CM 

CO 

in 

in 

4- 

4- 

4^ 

co 

CO 

CO 

CO 

CO 

vO 

r— 1 

r— 1 

CM 

lO 

CO 

4" 

n 

vO 

U- 

r- 

Is- 

r- 

r- 

r~- 

r- 

r~- 

r- 

r- 

r~~ 

r~~ 

o 

1 

o 

1 

o 

1 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

9 

« — i 

1 

r— 1 

1 

o 

o 

o 

o 

O 

i — i 

H 

rH 

rH 

H 

< — 1 

H 

rH 

« — 1 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

1 

1 

1 

i 

1 

1 

I 

I 

1 

1 

I 

I 

l 

1 

l 

l 

LlJ 

UJ 

UJ 

LlI 

UJ 

UJ 

UJ 

UJ 

UJ 

UJ 

UJ 

UJ 

UJ 

UJ 

LU 

LU 

LU 

UJ 

LU 

LU 

UJ 

LU 

LU 

vO 

CO 

CM 

CO 

CO 

CO 

o 

o 

O' 

vO 

CO 

rH 

4^ 

CM 

o 

CO 

O 

CM 

CO 

4- 

O' 

CO 

CO 

O' 

1 — 1 

vO 

CM 

lO 

o 

4- 

4- 

4- 

rH 

00 

rH 

GO 

CO 

CM 

CO 

4- 

r- 

CO 

O' 

4- 

CM 

O' 

4- 

m 

CM 

oo 

v£> 

lO 

vO 

r- 

CM 

o 

CM 

CO 

CO 

O' 

4- 

«H 

i£> 

r- 

CO 

O  CM 

CO 

UJ 

CM 

3 

o 

m 

o 

CM 

00 

o 

vO 

m 

o 

CO 

O' 

in 

r- 

rH 

O' 

o 

rH 

rH 

O 

CO 

<1- 

CO 

<r 

CO 

CM 

o 

in 

CO 

4" 

m 

CO 

CO 

CO 

<r 

CM 

r- 

vO 

4^ 

O' 

CO 

CO 

o 

m 

CM 

O 

O' 

o 

in 

CO 

m 

CO 

O' 

00 

CO 

CM 

o 

vO 

o 

yQ 

CO 

vO 

in 

in 

o 

o 

m 

r- 

<r 

in 

CO 

<r 

CM 

O' 

O' 

00 

C" 

CM 

CM 

o 

CM 

O' 

O' 

r- 

r- 

rH 

i — 1 

O' 

m 

4- 

• — i 

*H 

CO 

vO 

4- 

4" 

CO 

CO 

CM 

rH 

rH 

O' 

00 

UA 

CO 

CM 

CM 

CM 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 


o 


<<  i — 4  i — I  f — i  i — I  r — I  f — I  i — I  * — 4  i — I  H  C\J  f\|  (\J  CM 


O 

o: 


VO  l  Si  »  S  S 


in  V  '  *i  * '  "m  *  in  a>  \s>  *—•  '  *-  ,VJ 

o  do  t-  a>  ©  aj  p>  »  .  cv  t- 

■  4 

.  i  c  v>  tf>  <  /  '*  a-  *--•  t  t  :  <. 

I-,  ti:  i  Si  t-  *“•  H  C 

c  c  h  o  h  i  iv  i  pj  pi  r>)  r»>  t> 

\  t  t  X-  f  >  »i  i/i  '  ;  t  t-  t  t> 

•  «••«•••  •••  ••  • 

c  o  c:  O  O  i :  «  •  o  <  c  c.  c  o  c 


dodivovodov.  iodoi~» 

(  O  O  O  O  <  l^OO 

1  I  I  I  I  I  I  I  » 

LU  LU  LU  L-  LU  LU  1U  lV  LU 

c  H  wi  1/5  P5  /•' 

p>  -i  <ii  do  cv  a»  /o  a. 

Ot  Hi  (a  (  «  L  *.'.  J 

n>  m  •-»  fit  in  t.  -i  > 

HOOCt' 

t-  -t-  t  n>  - '  1  a  <o/ 

•  •••••••• 

o  <  o  o  o  o  O  <  c 


c  o  c  t 


l_J  l 

S>  V> 
t  t- 


Ul  liJ  .11 

m  *i  aj 
a  « 

H.  C<  1/5 
O  »  •■  IP 


C  C  O  C  I 

t;  o  <  o  i 


t_  ►- 

I 

C  X 
0)1/5  ^ 

do  d>  t- 
c 

O  H 
*-  X 

•  • 


I 


C  C  c  <  O  »  r  '  c  o  c  c  c  cue 


c  <  -  DO 

t,  '■  P>  X  A 

>-i  -it-  <  o  <o 

l/l  H  -1  1/1  I  *— • 

L  r  t-L  1  i  ai 

►  -Lx-  :  t 

•  •  •  •  •  • 

<  r  o  o  o  o 


Li  U.  LJ 

Si  Al  CD 
m  -i 

c>  *-• 

-x 


r> 

ni  t- 
P>  A> 


t> 


O  CV  -1 

O'  -i 
k.  h  a 
pi  r  a 
Cl»  C  ’  (V 

'0-0-0 


o  m 
oo  o 
m  m 
-o  -o 


1 

1  1  1 

1 

1 

1 

ore 

o 

(  i 

C  CO  G 

o 

L 

Li  Ui 

LU 

LU  LU 

-0  ‘  "1 

DO  in 

o 

Or. 

CV  P>  x> 

«0  A>  GO 

CV  vo 

Xr  C  P» 

Ai  *--■  P> 

1-1 

Aj 

-0 

-OP)/ 

-1  DO  DO 

L 

-0  OD  »-> 

P)  -1  ►- 

H 

A 

D) 

»— >  DO  "tV 

(V  /O  DO 

DO 

/*» 

Xr  X  X 

t-  t-  AI 

Ai 

P, 

D) 

•1  O  -O 

-1 

DO  DO  H 

Hi  H  1 — » 

► 

<  C 

O  CO  o 

o 

1  1  1 

1  1  i 

1 

1 

i 

LU  Li  “J 

LU  Ul 

-X  JO  O 

DO  X 

Ha 

(V 

DO  P)  i* 

Hi  C  D-i 

t- 

1v 

A  mm 

do  r.  do 

-X 

CV 

i  -i  Ai  A> 

m  o  rv 

CD 

o 

CD 

•I  1/5  t- 

tr  />>  P) 

Ai 

t- 

P) 

O  CV  CO 

t/5  U5  <9 

P) 

Ai 

1-1/5  1/5 

-0  O 

Ai 

D> 

X 

1  U.  <5  H 

H  lO  P) 

P> 

X 

X 

O 

o 

t>  X 

•  •  • 

I  I 

o  o 


LU  LU  IV  *U 
A.  p  V-.  f 
A  00  tO  P> 
►-  *  D">  A 

O  *”  O  <1 
PlC-O-t- 
i/)  ^  .  6 

Xr  t  t-  n< 


a 


U)  LU  LU 

i  cv 

CV  DO  -O 
t-  oc  -A 

CT*  Al  DO 
C  H  t- 
C  Ai 


I  I 

C 

I 

LU  LU 

A)  O 
CD  A- 
CV  t- 


t* 

ai 


c 

a 


p>  cv 


c  c 

I  I 

c 

o  o 

I 

/0  *1) 

»-*  CV 
CD  »-t 

CD  CV 

CV  CD 

ru  o 

DO 


/v  a  in 

t-  'L  V 
H  O 
m 
rti  CV 

I  I 

c  c 
c  c 

UJ  LU 
f*i  O 
/ti  A) 

O 

(V  a:  h 

t-  <5  V 

V  rn 

*-»  CV 


DO  do  L'l 

o  o  o 

I  I 

X-  X- 

<t»  n 


i 

LU 

m 

-A 
CV 

/C 

1  -1  A) 

S>  %St  ISi 


cr.  m 
ru  n> 


DO  DO 

co  o 

I  I 

U  LU 
DO  O 
X,  rn 
i~,  x, 
A)  ►-! 
Xr  CD 
A»  CD 
/O  DO 
PO  /V 


O  t 


I  I 

ai  Ui 
A)  CV 

<J  «v 

DO  O 

ru  o 
ro  /v 
od  rv 
cv  r 


O  v  c  o  c  o 

I  I  I 

:  ‘  O  <  »“■  ►  ' 

CO  o  o  o  o  o  o 


L-  LU 

o  m 

DO  (V 
do  n  j 
/V  o 
DO  CD 
-A 


LU  LU 
PO  PJ 
I-.  o 

CV  DO 
•L  P> 
A)  O 
m  x 
X-  rn 


UJ  LU  LU 
DO  CD  CV 
m  m  Ai 
DO  tr  X- 
o  CX?  DO  o 
Xr  CD  C  V 

do  a  c 

t-  o  c 

/O  H  H 


o  o  c  o  o 


o  o  c  o  o  o  c  o  c  o 


p>  do  *-•  c  a  aa-oc  ru  x  f^si  y-  c  "Uco^ocv/ojt'CoDOi-.j 


:;V!r*<C  bV*  <T#n  <3 


E- 23 


o 

CM 

X 


o 

o 


o  o  o 
o  o  o 

O'  O'  vO 


o  o  o 
o  o  o 

O  CM  i — < 


o  o 
o  o 

r-  r- 


oooooooo 

oooooooo 

'0(Mv0O\00'®m 


o 

o 

o 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

cn 

CO 

in 

O' 

O' 

vO 

o 

o 

o 

o 

o 


o  o  o  o  o  o 
o  o  o  o  o  o 
o  o  o  o  o  o 


OGQvO'OincncMCNjcocMojr— irgr-vO'4-cf'.  cMCM*-Hv£>cncocMooooooooo 


CM 

o 

to 


oooooooooooooooo 

oooooooooooooooo 

rv-'to-4-f\)rvi4"0'Hinino'0'0(M(\i 


invomMDO'O'O'O'O'OO'osHOH 

CMCMCMCMiMCMCMCMCMCMCMCMcn-j-r-ir-H 


ooooooooo  oooooooo 
ooooooooooooooooo 
(MO'O'HwcomHxo'  o  vO  in  h  o  in  in 


cntncMcn<hmrMcnooo<tcn4-<3-r-<f 


cm 

lu  o 
to  z 
cn 
o 


O 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O) 

CM 

CM 

r- 

O' 

in 

o 

r-- 

m 

in 

O' 

m 

CO 

<r 

cn 

O' 

I — 1 

o 

CO 

O' 

vO 

o 

<f 

r- 

O 

ao 

r- 

1 — 1 

CM 

CM 

o 

O' 

ao 

CM 

vO 

r- 

CO 

O' 

vO 

r- 

00 

O' 

CM 

cn 

cn 

o 

<r 

vO 

O' 

CM 

cn 

<r 

m 

m 

r- 

CO 

O' 

in 

i — 1 

CM 

cn 

vO 

vO 

* — 1 

CM 

X 

in 

m 

m 

m 

CM 

CM 

CM 

CM 

1 — 1 

rH 

rH 

rH 

m 

in 

in 

m 

1 — 1 

rH 

rH 

1 — 1 

CM 

CM 

CM 

CM 

vjO 

cn 

rH 

O 

o 

rH 

1 — 1 

cn 

cn 

/! 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

*— • 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

h- 

« 

ac 

cn 

co 

CO 

o 

CM 

o 

CM 

00 

O' 

CO 

00 

CO 

O' 

<t 

r- 

cn 

cn 

o 

CM 

CM 

in 

vO 

v£> 

CO 

rH 

CO 

O' 

vO 

cn 

rH 

vO 

< 

CL 

cm 

51 

m 

kO 

in 

m 

m 

m 

m 

in 

<t 

cn 

cn 

cn 

cn 

3 

cn 

cn 

cn 

CO 

in 

m 

<1- 

cn 

cn 

cn 

cn 

LU 

LU 

» — 1 

i — 1 

« — 1 

( — 1 

i — 1 

« — 1 

i — • 

« — 1 

I — 1 

t — 1 

H 

i — 1 

rH 

rH 

rH 

c — f 

i — 1 

* — 1 

rH 

i — 1 

rH 

1 - 1 

rH 

rH 

rH 

i — 1 

cH 

* — 1 

« — 1 

rH 

rH 

Z’ 

LU 

L D 

LU 

cm 

1— 

m 

m 

m 

m 

m 

m 

m 

m 

m 

in 

in 

in 

m 

in 

m 

in 

in 

m 

in 

in 

m 

m 

m 

m 

in 

m 

m 

m 

m 

m 

m 

m 

m 

LU 

o 

O' 

cn 

CD 

00 

CM 

CM 

r- 

O' 

m 

m 

tH 

o 

o 

O' 

o 

m 

in 

r- 

O' 

m 

vO 

VQ 

rH 

vO 

00 

CM 

CO 

CM 

rH 

O' 

vO 

3 

o 

« — i 

CM 

H 

«— 1 

CM 

CM 

CM 

m 

-O 

vO 

vO 

O' 

O' 

r- 

r- 

00 

O' 

m 

m 

m 

vO 

O' 

O' 

CM 

v£> 

O' 

r- 

o 

M> 

o 

O' 

< 

Q  3 

CM 

CM 

CM 

CM 

r— 1 

» — 1 

rH 

rH 

o 

o 

o 

o 

CM 

CM 

» — 1 

i — 1 

o 

o 

o 

o 

rH 

r— t 

o 

o 

CM 

rH 

o 

CM 

rH 

rH 

O 

rH 

o 

i- 

LU  < 

< 

>  > 

O 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O  O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

3 

Lu 


Q  UJ 

LU  3  t\l  O'  CO 

I —  I  i — •  r-4  CM 

<  <  CM  CM  CM 

3  >  •  •  • 

3  O  O  O 

U  CO 


oo  tn  cn  vo  h  in 
t\j  cm  m  m  -t  h 

CM  H  «— I  «— !  r-4  O 


o  o  o  o  o  o 


ao  o  cn  cn  ia  cn 
r-  cc  ao  cn  in 
O  O  O  CM  CM  «— 1 


o  o  o  o  o  o 


<f  0  cn  ao  o  O' 
mcoo'in'0>t 
•  *  CD  O  O  C3  *  * 


0  0  0  0  3  0 


H  4-  O'  ®  O  H 
sQ  O'  O'  in  in  O' 
*-«  O  O  CM  «-H  O 


o  o  o  o  o  o 


0  '£>  o  r-  h  o 

OO  h  O  vO  00  H 
CM  * — 4  * — C  O  * — *  i — < 


o  o  o  o  o  o 


<  3 


U  LU 

z 

o 

o 

o 

o 

1 — 1 

i — 1 

rH 

rH 

« — 1 

rH 

CM 

in 

cn  cn 

1 — fl 

o 

O 

o 

O 

rH 

o 

o 

o 

1 — 1 

CM 

CM 

O 

O 

O 

O 

rH 

rH 

O 

o 

o 

o 

O 

o 

o 

O 

o 

o 

O 

o 

O 

o 

o  o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

O 

O 

O 

O 

o 

O 

o 

o 

*— « 

|— 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

O 

o 

o 

o 

o 

< 

l 

1 

1 

1 

1 

1 

1 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

> 

LU 

Q 

CM 

cn 

r-l 

CM 

cn 

<r  rH 

CM 

cn 

1 — 1 

CM  ■ — * 

CM 

rH 

CM 

rH 

CM 

rH 

CM 

rH 

CM 

< 

CD 

u 

Q 

LU 

Lu 

o 

X 

V 

7  • 

fl 

1 

l 

i 

| 

1 

l 

1 

i 

f 

I 

i 

1 

1  1 

1 

I 

1 

i 

1 

i 

1 

i 

1 

u 

U 

3 

U 

3 

U 

CO 

o 

o 

3  O 

<  < 

< 

< 

CD 

CD 

CD 

CD 

u 

U 

u 

u 

o 

O  UJ 

LU 

Lu 

U_ 

LD 

o 

X 

X 

V 

cm  z: 

V  u 

3 

u 

u 

V 

V 

u 

3 

V 

u 

u 

u 

3  U 

U 

O 

V 

V 

o 

u 

o 

CO 

u 

o  t  O  C  <  O  <  <  o  <  '  o 


o  O  <  C  O  O  O  CO  o  o 

,0  r>  <(,  (V  C'  ivifl  O'  *■' 

»#••••••••• 

r  v  c  i  10  *  > 


o 

-1 

•  • 

• 

• 

• 

• 

• 

• 

-1 

• 

• 

c  o  V.  <  O  C'  O  »  '  O  c  <  o  o  C 
c  O  ‘  <  <  O  <  c  O  c;  O  C  O  o 


<c  *j  \n  to  W  <  *0  1  /li  ni 


•  •  • 

♦*  *  O  H 

►  ^  t 


t  1(0  I/J  t  O  t>  "1 

#«••••••• 

u  .0^  <CJ'OA5<t;'OCr-10DC/ 


•  •  •  •  •  • 

i ,  h  c  <v  h  w  o  n  w 


•  v  . 

-1  |  C  O  CP  O 

•  •  •  •  •  •  •  * 

-o  /■  f  i  r,  i/i  ^ 

t/)  lO  I-  ►  i  H  H  I  <’ 


O  t  >  s  ')  C  4  l 

.*••••••• 

f  /!(  ►-»  (i  ►-»  H  H  1/) 


o 

o 

-o 

c 

a 

A) 

40 

• 

• 

• 

• 

• 

• 

/O 

Ui 

m 

n> 

Oj 

a 

1. 

c  I  c  V  i  <  .  o  c  O  c  <  <  o-CKp  c  0  4  o  O  c 

£  a:  V*  n  r.  £  „  r.  r  ,  ••:  •  ^  •’»  >  *  ^  *  n  r ,  n>  n>  n>  n>  r»  *  n> 


,  u  .  o  o  r  '  n-  o  -it  *-.  h.  r».  r 

.  ,  tl  £  ♦  n  '  C  n  r  n  ■  o  l  *  C  a  <  o 


uj 

c 

t_  o 

>  Ui 

<  < 

U  Ui 

•  ;  (v> 
C  m 
_u  o 


h.  <u  t  uo  n.  v 


ft  0"0  h  <  x  <i>  t- 

1  AJ  t.  '  vc  t  1  ■■)  'I1 

«#••••••••■••• 

<  ».  v  f  s  i  t:  <  o  o  o  c 


ro  a  ro  ro  »  <  fti  i  i  o<  p)  rti  '"O  wo 

t  n>  '  co  t'  -1  t  ft  r*i  n  /i  ^  ^  H 


H  H  t-ll/  *“•  »  1  ✓!  :o  l/;  U> 

•  ••••••• 


wo  _  o  *-»  s 

«••••••••••• 


4  O  O  O 

•  •  •  •  • 


I  I 


till 


out  i  >  o  > 

V  O  4  V>  J  O  v 


I 


H  .O 

I  I 

V  1 


I  I 


I 


IO 

I 


WO 

I 


I 


C  UJ 
t  — f 
>  > 


o 

o 

o 

o  o 

O 

o  o  o 

c 

\j  u 

"S  L- 

_L)  O 

H 

1— • 

»-*  o 

o 

o  o  •- 

o 

o 

o 

c-  c 

o  o  o 

• 

• 

• 

• 

• 

• 

•  • 

• 

•  •  • 

•— • 

o 

o 

o 

r>  o 

c 

o  o  o 

H 

l 

1 

1 

1 

I 

1 

i  i 

1 

1  1 

> 

*— « 

< 

wo 

»— . 

t* 

m 

io  »-» 

•t* 

I 

s 

i 

1 

1 

1 

1 

i 

1  1 

1 

1  1  1 

•  % 

4J  4.J 

u 

o 

CD 

CD  CD 

> 

O  C 

o 

u 

o 

o 

uuu 

o 

uuu 

E-24 


C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


#**#*-*-**-&■*■**  #***#**##*#*#**##*.*#.****.**  **************** 


*  * 

*  MAINLINE  CONLM  * 

#  * 

*  THE  PURPOSE  OF  THIS  PROGRAM  IS  TO  CALCULATE  THE  * 

*  VALUE  OF  THE  ELEMENTS  OF  THE  VARIANCE-COVARIANCE  * 

*  MATRIX  WHICH  CORRESPONDS  TO  A  PARTICULAR  RATE  * 

*  EXPRESSION  WHICH  HAS  SEEN  CORRELATED  TO  DATA  * 

*  RESULTING  IN  A  NORMALLY  DISTRIBUTED  ERROR  OF  FIT  * 

*  INPUT  DATA  * 

*  VX  VECTOR  OF  RAW  DATA  TO  WHICH  RATE  * 

*  EXPRESSION  WAS  CORRELATED.  * 

*  M  NUMBER  OF  PARAMETERS  IN  RATE  EXPR'N  * 

*  NBANK  -  DATA  BANK  NO.  TO  WHICH  RATE  EXPR'N  * 

*  WAS  CORRELATED  * 

*  DES  -  ALPHAMERIC  DESCRIPTION  OF  RATE  EXPR'N* 

*  * 


##****-*#*-*#**#****#***  #*#-*#•«•*•«-**  *  tt-***#*#******** 


DIMENSION  X ( 100  *  5 )  * Y ( 100 )  *BK( 100*6) »DES(20)  . IBK(4*11) 

S  *VX (  6  )  »A  (  6 .6  ) 

1  *  D  (  6  *  6  ) 

DATA  I8K/1*24*0*0*25.33»0»0»1*33»0»Q.34*73*0»0*74»85»0 
$.0.34 .85*0.0 

1.13* 24 *28*85. 28*33* 74 .85. 13. 24. 34 *73 *1*24 .86 *93*13. 24 
$  .34.73/ 

DO  400  1=1.150 

RE AD (5.401)  ( VX ( J ) ♦ J=1 .6 ) 

DO  372  J= 1 ♦ 6 
372  BK ( I ♦ J ) =  VX ( J ) 

IF (BK( I  .  1  J-l.E  +  0  3 ) 400. 400 .402 

400  CONTINUE 

401  FORMAT (2X.4X.F7.1 .12X.F7. 4.12 X.4F7.1  ) 

C  ***  READ  IN  CORRELATION  DETAILS 

402  READ ( 5*1 )  M . NBANK . NPAGE * NCOPY 

1  FORMAT (515) 

READ ( 5 . 2 )  ( DES ( J  )  .J  =  l*20) 

2  FORMAT (20A4) 

NN 1= I BK ( 1 .NBANK ) 

NN2= I3K ( 2 ♦ NSANK ) 

NN3=IBK(3. NBANK) 

NN4= I BK ( 4  .NBANK ) 

J  =  0 

253  DO  250  I=NN1.NN2 
J  =  J  + 1 

Y ( J ) =BK (  I  .2) 

X ( J*1 )=BK( 1*1) 

DO  250  K=  2  »  5 
J j=K+2 

250  X ( J.K )=BK( I » JJ) 
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MAINLINE  CONLM 


. » . ( CONT ' D ) 


I  F ( NN3 )  251  *251  *252 
252  N N 1  =  N N 3 
N  N  2  =  N  N4 
N  N  3  =  - 1 
GO  TO  253 

251  IF ( NBANK-10 )  2000 > 2000 » 2001 
2001  N  B  A  N  K  =  0 
NN  1  =  86 
N  N  2  =  9  3 
GO  TO  253 
2000  N=J 

CALL  V CO  V M  (  X  » Y  »  A  »  D  » M  » N  ) 

DO  5  I  =  1  *  M 
DO  5  J  = 1 » M 

5  D(I*J)=D(I*J)/(A(I*I )##0«5*A( J» J)**0.5 ) 

CALL  NVERT ( D  *M ) 

DO  6  1=1 »M 

6  VX(  I  ) = 1 • /A ( 1*1 ) *#0 • 5 
DO  7  1  =  1 #  M 

DO  7  J=1 *  M 

7  A ( I »  j ) =  D ( I » J ) #VX ( I ) *VX < J ) 

DO  30  ML=l»NCOPY 

WR I TE ( 6  *  2  8  ) 

28  FORMAT ( 1H1 » ///// 5 

WR  I  TE ( 6 ♦ 27 )  ( DES ( J ) >j  =  1»20) 

27  FORMAT ( 10X  >20A4 ) 

WR I TE ( 6  *  29  ) 

29  FORMAT(//>25X>' VARIANCE-COVARIANCE  MATRIX  FOR 
$  PARAMETER  ESTIMATES' 

1  ) 

DO  30  I  =  1  »  M 

30  WR I T  E ( 6  »  2  0 )  (A( I *j) >J=1*M) 

20  FORMAT ( /»10X»6E15*5) 

CALL  EXIT 
END 
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C  ****************************************************** 


c  *  * 

C  *  SUBROUTINE  VCOVM  * 
C  *  * 
C  *  THIS  SUBROUTINE  CALCULATES  THE  INVERSE  OF  THE  * 
C  *  POSTERIOR  VARIANCE-COVARIANCE  MATRIX.  AS  INDICATED* 
C  *  BELOW *  AN  EQUATION  FOR  THE  RATE  EXPR'N  AND  EQU»NS  * 
C  *  WHICH  DESCRIBE  THE  PARTIAL  DERIVATIVES  OF  THE  RATE  * 
C  *  EQU'N  WITH  RESPECT  TO  ITS  PARAMETERS  MUST  BE  * 
C  *  INSERTED  .  * 
C  *  * 


Q  ****************************************************** 


SUBROUTINE  VCOVM ( X  * Y *  A ♦ D * M * N ) 

REAL  KO  *  K 1 *  K2  *  K3  »K4  *  K5 

DIMENSION  A  (  6  *  6  )  *  D  (  6  *  6  ) *  G  (  6  *  6  ) *  GG ( 6 )  * X  (  1 00  ♦  5 )  » Y ( 1 00 ) 
DATA  KO  *K1 *K2  *K3  »K4*K5/Q. 0018  *0.828*0.467  *0.00215 
$*0,757*0.0/ 

VAR2=0. 

R=  1  •  9  8 
DO  10  I  =  1  *  M 
DO  10  J  =  1  *  M 
10  D { I  *  J ) =0  •  0 
DO  1  L=  1  *  N 
T  =  X ( L  *  1 ) 

PA  =  X ( L  *  2 ) 

PB  =  X ( L  *  3  ) 

PC=X ( L*4 ) 

PD  =  X ( L  *  5 ) 

C  **# INSERT  FUNCTION  AND  NECESSARY  DERIVATIVES  NEXT 

FUNC=K0*PA**K1*PB*#K2-K3*PC**K4 
FFFF=K0#PA*#Kl*PB**K2 
GG ( 1 ) =PA**K1*PB**K2 
GG ( 2 ) -GG ( 1 ) #KQ*ALOG ( PA ) 

GG ( 3 ) =GG ( 1 )*K0*AL0G(PB) 

GG ( 4 ) »-PC#*K4 

GG ( 5 ) =-K3*PC*#K4*AL0G ( PC ) 

G( 1*1 )=0. 

G ( 2  *  2 )  =  FFFF*ALQG ( PA ) **2 
G( 3*3 )=FFFF*ALOG( PB)**2 
G  (  4  *  4  )  =  0  . 

G ( 5  *  5 )  =  -K3*PC**K4*AL0G ( PC ) **2 
G ( 1 *2 )  =  FFFF/KO^ALOG ( PA ) 

G( 1>3)=FFFF/KO*ALOG(PB) 

G( 1  *  4 ) =0 • 

G ( 1  *  5 ) =0  • 

G ( 2  *3 ) =FFFF*ALOG ( PA ) *ALOG ( PB ) 

G ( 2  *  4 ) =0 • 0 
G ( 2  *  5  )  =0  •  0 
G ( 3  *4 ) =0 .0 
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SUBROUTINE  VCO# • • ( CONT ' D  5 


G ( 3  *  5  )  =0  •  0 

G ( 4  *  5 ) =-PC**K4*AL0G (PC ) 

DF=Y ( L ) “FUNC 
VAR2=VAR2+DF**2 

C  ***SET  UP  MATRIX 

DO  1  1  =  1  iM 
DO  1  J  = I #  M 
IF(I-J)  3»2»1 

2  D( I  *  I  )  =  D (  I  »  I ) +DF*G ( I » I )-GG( I ) **2 
GO  TO  1 

3  DC  I  * J ) =D ( I  * J) +DF*G ( I » J ) -GG ( I ) *GG ( j ) 
D( J.  I  )=D( I » J) 

1  CONTINUE 

VAR2=VAR 2/FLOAT (N-l ) 

DO  4  I  =  1  *  M 
DO  4  J=1 » M 
A ( I fJ )  =  -D( I » J ) / VAR2 

4  D(  I  >J)=A( I *J) 

RETURN 

END 
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**********  *  -55-  *  *  *  *  *  *  *  *  -X-  *  *  *  *  *  *  *  -Sr  *  -ft  *  *  *  *  *  *  *  *  -if  *  *  *  *  *  *  *  *  *  *  *  *  -if  * 


*  * 

*  SUBROUTINE  NVERT  * 

*  * 

*  THIS  SUBROUTINE  INVERTS  THE  MATRIX  GENERATED  BY  * 

*  VCOVM  USING  BROWN'S  METHOD.  * 

*  * 


********  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  ******  *  *  *  *  *  *  *  *  *  *  *  *  * 


SUBROUTINE  NVERT ( A  »N ) 
DIMENSION  A ( 6 ♦ 6 ) >B(6>6) 

DO  1  L=  1  *  N 
A  M  X  =  0  • 

DO  2  1=1 *N 

IF ( AMX-A (1*1))  3*2*2 

3  AMX=A { I > I ) 

K=  I 

2  CONTINUE 

B(K»K)=“1./A(K*K) 

DO  4  J= 1  * N 
I  F ( J-K ) 5  »  4  »  5 

5  B<K*J)=“A(K»J)*6(K*K) 

B( J»K)=B(K*J) 

4  CONTINUE 
DO  6  1=1 *N 
DO  6  J=  1  * N 
IF(J-I)  6*7*7 

7  IF ( I “K )  8*6*8 

8  IF(J-K)  9*6*9 

9  B( I *J)=A( I *J)-3( I *K)*A( J»K) 

6  CONTINUE 

DO  14  I  =  1  *  N 
DO  14  J=  1  * N 
IF(I-K)  11*14*11 

11  IF(J-K) 12*14*12 

12  IF(J-I)  13*14*14 

13  B(  I »J)=B( J*  I  ) 

14  CONTINUE 
DO  1  I  =  1  *  N 
DO  1  J= 1  *  N 

A  (  I  » J ) =B ( I  * J ) 

1  CONTINUE 
DO  10  I  =  1  *  N 
DO  10  J=1»N 

10  A ( I  * J ) =-B ( I » J ) 

RETURN 

END 


-  ,1  V  I  3  ITUGJ  3U2  2IhT  * 

•  Q(  T2H  2 * .  Of  12U  '  >/ 0'J\  * 


<  »A)T  _y  UTl  :J2 
•(#:•.(» .  •  :  .  :  3 


tl«j  I  ca 


•0*XvA 
/.tX«I  s  oc 


St  St  :  ((It!) A-X  A) 31 

(It!)  =  *  A  £ 

I-X 

3U^IT/.00  S 
(  ) A\ . I-«  t  •> ) 

/.  tl*w  A  O1 
rt  At  SU  -U3I 

( ^  (  ..  «  )  -=  (  ut  5 

(u>)  :»ouu  5 

3U  IT. ’03  A 

n t x*i  a  oc 

HtI=L  d  00 
VtVtd  (  I  -c. )  3 1 
8tdt6  0-1)31  T 
9 1  d  t  9  ( X— 2 )  I  6 
{  » v. )  A  M  X  •  I  )  t  - (  0 •  I  >  A®  (  Lt  I  )  6  9 

3U/IT/00  a 

/*[-l  aX  oc 

/t  I «  L  aX  OC 
XXtAltXi  0-1)31 
SItAltSX  O-o )  3 1  X. 
Xt  -Xt£X  (  I-U3I  SX 
(  I  •  w )  !  = (  U«  I  ) 

3U  IT/CO  AX 
/ • X  *  I  X  oc 
■It  X«c  X  C  - 

( Lt ! ) 8* ( it  I ) A 

3U/  ITHOO  X 
t  X ■!  OX  3 
^ • X s L  OX  c 
u»t  i  )fa-»iLt : )  ex- 


onnnnonn 


E- 29 


<r 

CM 

CM 

CD 

rH 

o 

O 

o 

O 

o 

I 

1 

1 

1 

1 

UJ 

UJ 

UJ 

UJ 

UJ 

CD 

! — 1 

1 — 1 

SO 

CD 

CD 

co 

o 

■O 

v0 

1 — 1 

rH 1 

CM 

CD 

00 

CD 

sO 

CM 

00 

in 

CD 

O' 

O' 

• 

• 

• 

9 

9 

CD 

o 

o 

O 

o 

o 

iLl 

1 

1 

1— 

< 

51 

» — 4 

vO 

<r 

<r 

CD 

1— 

o 

o 

o 

o 

o 

CO 

1 

l 

1 

1 

1 

ID 

UJ 

UJ 

UJ 

UJ 

UJ 

00 

CD 

CD 

in 

rH 

on 

o 

sO 

« - 1 

r— 1 

vO 

UJ 

o 

v£> 

<r 

rH ( 

rH 

1— 

H 

CD 

00 

o 

vC 

UJ 

O' 

vO 

CD 

i — 1 

O' 

51 

• 

• 

* 

• 

• 

< 

o 

O 

o 

o 

o 

* 

£V 

1 

1 

1 

& 

< 

vj 

CL 

Q- 

* 

QC 

<r 

CD 

CM 

<r 

CM 

CD 

O 

o 

o 

O 

o 

o 

X 

Ll 

I 

1 

1 

i 

1 

1 

UJ 

UJ 

UJ 

UJ 

UJ 

CM 

X 

o 

<r 

Is- 

CD 

1 — ' 

O' 

■4^ 

vO 

r— 1 

CO 

* 

CL 

CD 

O' 

00 

4- 

.—I 

* 

t— 

CM 

rH 

o 

co 

CD 

CD 

< 

CM 

CD 

CD 

CD 

CL 

>: 

ip 

• 

• 

9 

9 

* 

o 

o 

o 

o 

o 

r— 1 

UJ 

1 

1 

y 

u 

* 

* 

< 

< 

1 — I 

•4- 

CM 

CD 

<t 

CM 

Q. 

CL 

O 

O 

O 

o 

o 

* 

< 

1 

1 

1 

1 

1 

O 

> 

UJ 

UJ 

UJ 

UJ 

UJ 

M' 

G 

v£> 

o 

vj- 

CD 

< — 1 

II 

U 

O 

-4- 

-O 

CD 

LxJ 

1 

in 

vO 

O' 

O 

vC 

1— 

UJ 

O' 

CM 

» — 1 

CD 

CO 

< 

u 

1 — 1 

CM 

■4- 

vO 

in 

IV 

ZL 

fl 

a 

• 

9 

* 

< 

o 

O 

O 

o 

o 

1 — 1 

l 

1 

O' 

< 

> 

MJ 

O 

o 

o 

o 

o 

1 

! 

l 

1 

1 

UJ 

UJ 

UJ 

UJ 

UJ 

CD 

43 

o 

CO 

CD 

O' 

O 

O' 

O' 

CD 

cH 

m 

CD 

O' 

vO 

O' 

O' 

CM 

1 — 1 

CD 

CM 

* — i 

CM 

O' 

CO 

• 

• 

9 

9 

9 

o 

o 

o 

o 

o 

1 

1 

1 

1 

1 

1 

l 

i 

u. 

Ui 

p> 

m 

m 

• 

• 

• 

• 

• 

1 

1 

—1 

m 

t ' 

<v 

o 

o 

o 

i 

1 

1 

» 

1 

CV» 

UI 

UJ 

H 

m 

H 

O' 

00 

H 

♦-» 

m 

'O 

• 

• 

• 

• 

• 

o 

> 

1 

1 

1 

yy 

m 

CD 

1 

1 

i 

1 

1 

ui 

UI 

1 

*— • 

V 

' 

to 

— 1 

m 

t- 

iP 

• 

• 

• 

• 

• 

I 

1 

H 

u 

V 

pi 

M 

1 

i 

1 

1 

V 

t- 

w 

(V 

i 

m 

— « 

to 

u 

• 

• 

• 

# 

Y> 

1 

1 

X) 

t» 

< 

1 

1 

1 

1 

i 

Ui 

ui 

Ui 

PI 

m 

'■0 

PTf 

ni 

m 

• 

in 

o 

o 

\n 

H 

to 

m 

m 

• 

• 

O 

o 

1 

1 

APPENDIX  F 

DEVELOPMENT  OF  A  RATE  EQUATION  WITH  MUTUALLY 
RATE-CONTROLLING  CATALYTIC  PROCESS  STEPS 


F-l 


F.  1 


As  was  discussed  in  Section  6.8.3,  a  rate  equation  was 


developed  which  featured  mutually  rate-controlling  catalytic  process 
steps.  The  development  of  this  rate  equation  is  given  below.  To 
simplify  matters,  the  reverse  reaction  was  ignored  in  this  instance. 
In  the  development  which  follows;  A  =  H^S,  B  =  SO^,  L  =  concentration 
of  all  sites  on  the  catalyst,  =  partial  pressure  of  H^S  and 
=  concentration  of  I^S  adsorbed  on  the  catalyst  surface. 

Adsorption  of  A: 


(F.l) 


Adsorption  of  B: 


(F.2) 


Surface  Reaction  of  ads.  A  and  ads.  B  ignoring  reverse  kinetics: 


(F.3) 


Ignore  desorption  of  products: 
From  site  inventory, 


L  =  Cj,  +  CA  +  CB 


(F.4) 


:  cJOnbO'tq  “to  \Q  J  to  0 


F-2 


'A*  dMU 


From  equations  (1)  and  (2) 


CA 


CB  '  K 


B 


must  be  eliminated. 

V  ka 

(F.5) 

kb 

(F.6) 

These  expressions  for  and  Cg  may  be  substituted  into  the  rate  ex¬ 
pression  to  give: 


r=KRUVB  (-K7+PAyf-K7+PBy  <F-7> 


7\ 


VB 


The  may  be  eliminated  from  (7)  by  solving  for  it  in  (4)  after  re¬ 
placing  and  Cg  by  their  expressions  in  (5)  and  (6).  L  is  considered 


constant. 


L  C  +  K  '  +  PA  C  ^  KA  +  PB  C  ^  KB 

M 


(F.8) 


^Br 

L  =  C£  "  r  +  PAKAC£  '  1C"  +  PBKBC£ 


"A 


VB 


C  = 


ka  kr 

(L  +  ~r  r  +  jT-r  r) 

KA  kb 

(1  +  PaKa  +  PgKg) 


(F.9) 


3  :3 


' 


F-3 


Replacing  equation  (9)  for  into  equation  (7)  for  rate  results  in: 


r  =  v  *  Vb('  V  +  Pfl[TT4T¥T 

ka  kb 

I  4-  “  y*  4-  ®  y» 

*“  17  r  r  i/  i  r 

( _ r_  +  P  r  fl  B 

kb'  b  Ll  +  Va  +  pbkb  3) 


•])  + 


(10) 


Let 


D  1  +  kapa  +  kbpb 


Ko  ■  V  f  Vb 


r  PA  IXR 

r  =  Kn(-  p  r  +  —  (L  +  p— r  r  +  pr  r) 


0V  K 


A 


D 


K 


A 


B 


r  PR  KA 

(-v+^(L  +  ^ 


K 


r  r  + 


B 


K 


B 


r)) 


Let 


ka  kb 

m  =  ,A-  +  A- 

ka  kb 


K  ,  r  ,  PAL  ,  PAH  r  .  PBL  PBf1  r 

•  "  K0("  KA '  D  D  ”  Kg'  +  D  +  D 


)  (ID 


This  equation  is  now  expanded: 


K 


r2  PbL  r  PbH  r2  P.L  r  +  P^L2  +  P^  r 


0 


V  V 


Ka'D 


Ka'D  kg 'D 


D 


D 


PAH  ^  +  PAPB\  r  +  PAPBh2  r2 


k  '  D 
kB 


D 


D 


. 


■ 


F-4 


„2  /  1  PBM  PAM  .  W\ 

D2  } 


.  r(  1  pbl  pal  ,  „  PAPBMLl 

T  r\  1/  -  1/  I  n  "  FTn  +  C-  - 9 ) 


Kq  Ka'D  K^D 


D 


(12) 


♦  ( W-)  -  0 


D‘ 


Equation  (12)  is  of  the  form 


Ar  +  Br  +  C  =  0 


where 


r  =  - 


-  B 


+  /  B2  - 


4AC 


2A 


Examination  of  equation  (12)  leads  to  the  conclusion  that 
the  following  parameters  must  be  determined: 


K 

K 

K 

K 

K 

L 


A 

B 

A 

B 

0 


I 


I 


X 


F-5 


A  =  ( 


1  PBH  pah 


VV  '  ka'd  '  K^T) 


B=  (-f - 


0 


pbl 

K^D 


PAL 

M  ,  X  ? 

yo 


c  = 


w 

D2 


w 

D2 


PAPBML 
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PART  II 
APPENDIX 


APPENDIX  1 1 -A 


ONLINE  DATA  ACQUISITION  AND  REDUCTION  PROGRAMS 


I I-A-l 


H2S/S02  PROJECT-RUN  NUMBER  1 


REACTOR  DATA  LOOP  RECORD  DATA  EXPRESSED  IN  PERCENT 

TEMPERATURES  (DEG  C)  RECORD  AVERAGE  MAXIMUM  MINIMUM  STD  DEV 


NUMBER 

RDG 

RDG 

RDG 

REACTOR  BED 

250.6 

101 

27.19 

27.44 

22.99 

0.91 E-Q 1 

REACTOR  WALL 

238.7 

102 

25.86 

26.06 

23.12 

0.67E-01 

FLUIDIZED  BED 

218.3 

103 

58.93 

59.34 

53.76 

0.10E  00 

GAS  CHROM. 

98.6 

104 

25.81 

26.16 

20.64 

0.94E-01 

REACTOR  FEED 

23.8 

105 

5.05 

5.07 

5.02 

0.10E  00 

ABSOLUTE  PRESSURE  (MM 

HG  ) 

REACTOR  FEED 

1160.3 

106 

43.54 

44.97 

14.72 

0.11E  00 

CATALYST  BED 

859.2 

107 

63.30 

63.56 

63.00 

0.13E  00 

FD  RATE  ( SCFH ) 

6.012 

108 

27.29 

27.70 

27.02 

0.7QE-01 

NUMBER  OF  DATA  SAMPLES  TAKEN  WAS  22. 


H3aMun  kup-idsuopp  soesesH 

T  A3'j  jq  V  I  Q  \l<  3PPX3  AT AQ  GPOD3P  ^OOJ  ATAO  POTDA3P  - 

V  3C  CTc  U  I/I”'  Uf-  IXAM  3SAP3VA  0P0D3P  CD  030)  03flUTAP3qN*3T 

^  ^  xi  .  n  rt  vi  i  iii 


OOP 

OOP 

OOP 

P3QYUM 

X0-JX9.0 

99. SS 

**.TS 

9X.TS 

XOX 

d.oes 

036  P0TDA3P 

XO-3Vd.O 

sx.es 

dO.dS 

d8.es 

SOX 

T.8CS 

J JAW  P0TDA3fC 

OC  301  •  0 

dT.ee 

*C.9€ 

e9.se 

eox 

€  .8  X  S 

C38  Q3SIQIUJ3 

10-3*9*0 

*d.OS 

dX.dS 

I8.es 

*ox 

d  .89 

•MOPHD  2A0 

00  301.0 

so.e 

To.e 

eo.e 

eox 

e.es 

0333  POTOA3P 

-tOH 

mm)  3flued3pq  3TujoaaA 

JO  3 1 1  •  0 

st.ax 

T9.** 

*e  .e* 

dOX 

e.odxx 

0333  POTOA3P 

JO  3£  X  •  0 

cc.ea 

de.Cd 

ce.ea 

TOX 

S.988 

038  T8YJATAD 

U  -30T.0 

so.^s 

OT.TS 

9S.TS 

80X 

SXO.d 

(H3D8)  3TAP  03 

.SS  2AW  *3*AT  23J3MA2  ATAO  30  H38MUH 


I I-A-2 


H2S/S02  PROJECT 

-RUN  NUMBER 

1 

STREAM 

COMPUTER 

INTEGRATED  PEAK  AREAS 

DESCRIPTION 

N2 

H2S 

S02 

FEED 

0 • 6 1 6  27E  05 

0.14183E  06 

0.18836E 

06 

FEED 

0.56018E  05 

0.14472E  06 

0  •  1899  IE 

06 

PRODUCT 

0.58984E  05 

0.75039E  05 

0.10861E 

06 

PRODUCT 

0 • 6 192  IE  05 

0.72252E  05 

0.11Q62E 

06 

MOLECULAR 

FEED  MOLE 

PROCUCT 

MOLE 

SPECIE 

FRACTION 

FRACTI 

ON 

N2 

0*8993 

0.9458 

H2S 

0.0779 

o 

• 

o 

O 

S02 

0.0227 

0.0130 

I  J-3HKUK  ;'U»-TD3cO«q  S02\2SH 


2A3BA  >A33  Q3T Aflt)3T*1I 

A3TU9M03 

MA3HT  6 

ssh 

SK 

/oiT^ifloeso 

3d€881 .0 

do  388XAX.0 

ciO 

arsdXd.o 

0333 

3X9981.3 

dO  3SVAAX.0 

eo 

38X066.0 

0333 

3X6831 *0 

eo  39£oer,o 

eo 

3A8986.0 

TOUOCvC 

as >oxx.o 

60  asessv.o 

eo 

3IS0X6.C 

TOUOCfiq 

TOUOOfl3 

3  JOM 

0333 

PAJUD3J0M 

■  -- 

KOIT3Afl3 

/0IT3A*3 

3133^2 

ac^e.o 

€998.0 

SH 

• 

o 

'X 

*-i 

9TT0.0 

2SH 

cexo.o 

rsso.o 

soe 

I I-A-3 


RUN  NUMBER  1 


UNITS 

MASS . . . GRAM 

PRESSURE. •••••• •MILLIMETERS  OF  MERCURY 

TEMPERATURE . DEGREES  KELVIN 

TIME . ••••••  .HOUR 

COMPOSITION. ....MOLE  PERCENT 

VOLUME.. ........STANDARD  CUBIC  CENTIMETER 


REACTION  RATE. • • GM  MOLES/ ( HR-GM  OF  CATALYST) 


VOLUMETRIC 

FEED  RATE 

MEASURED 

BY  D/P  CELL 

221564.2 

REACTION  RATE  OF  H2S 

0 

.3885 

REACTION 

RATE  OF  S02 

0.1048 

REACTION  TEMPERATURE 

244.60 

REACTION 

PRESSURE 

589.2 

FEED  H2S/S02  RATIO 

3 

.3808 

PRODUCT  H2S/S02  RATI 

0  3.1105 

CONVERSION 

OF  H2S 

49.85 

CONVERSION  OF  S02 

45.49 

MOLECULAR 

FEED 

PARTI 

AL  PRESSURE 

MATERIAL 

BALANCE 

SPECIE 

COMPOS  I T I 

ON 

IN 

REACTOR 

FEED 

PRODUCT 

N2 

89.93 

775.1 

8.894 

8.894 

H2S 

7.79 

33.9 

0.779 

0.390 

S02 

2.27 

10.3 

0.230 

0.125 

H20 

0.00 

26.0 

0.000 

0.299 

sx 

0.00 

5.3 

0.000 

0.061 

H2 

0.00 

7.7 

0.000 

0.089 

•*APO 


I  F38VUH  /'J* 


SSA” 


Y?  "  v  SF3T3VIJ  . . . 

/.1VJ3>  833*030. ••••3PUTAF3PM3T 

PUOH . •••••3MIT 

TH30P3P  3 JO! . MOlTlftCW 

F3t:;vit/3^  oiauo  opaohat8. . . 


.  T2  v  jATAB  30  MO-PH ) \83 JOM  MD...3TAP  HOIT0A3P 


JJ30  Q\0  Y8  G3PU8A3Y  3TAP  0333  0 1 PT3MUJ0V 


e  ac  i  •  o 

HOIT0A3P 

€88£*0 

8SH  30 

3 TAP  HCI T0A3P 

3*U£83*P 

HOITOA3* 

08.AAS 

3HUTAH3<V-'3T  /0IT3A3P 

cOU  •£ 

I Ta>  ■  :e\es* 

I  TOUOOPP 

8C  9  £  •  £ 

OITAF 

SC8N8SH  0333 

?  A  •  <?  A 

SC2  30  FOI8P3VHCO 

88  *9A 

esH 

30  HOI 8P3VH0D 

3Fu883FP  JAITflAP 

0333 

PAJU03JOY 

0333 

FCTDA3F 

/I  /O I  T I 8CPMQ0  3I03a8 

A9B.8 

A?8»3 

X.eTT 

ee.?8 

SH 

oee.o 

PTT.O 

e.et 

9Y.V 

ssh 

SSI  .0 

oes.o 

6*01 

TS*  S 

S02 

PFS.O 

000*0 

Q*dS 

00*0 

OSH 

180.0 

000*0 

e.e 

00*0 

xe 

*>80. 0 

OC  3.0 

T*  t 

00*0 

shV  ; 

I I-A-4 


C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

r 

Vw 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


#***#•#*  XXXXXXXXX  ■fr-fr-B-tt-JH*-  XXXXXXXXXXXXXXXX  xxxxxxxxxxxxxxx 


* 

* 

* 

* 

* 

* 

x 

x 

X 

* 

X 

X 

X 

X 

X 
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* 

* 

* 

* 

X 

X 

X 

* 

* 

X 

X 


DM001 

DM001  IS  A  DISK-RESIDENT  PROCESS  CORELOAD  WHICH  IS 
QUEUED  BY  PIC05.  DM001  WAS  WRITTEN  TO  SUPERVISE 
LOOP  RECORDS »  DISK  FILES  AND  REDUCTION  OF  PROCESS 
MEASUREMENTS  AND  CHROMATOGRAM  DATA  TO  KINETIC  DATA 
ON  LINE.  THE  DATA  STATEMENTS  BELOW  PROVIDE  DM001 
WITH  THE  FOLLOWING  INFORMATION. 


LPHEX  -  LOOP 
LPID  -  LOOP 
RGE  -  SPAN 
T  -  FITTED  POLYNOMIAL 

PRESS  -  FITTED  POLYNOMIAL 
DP  ~  FITTED  POLYNOMIAL 
V  -  MOLECULAR  VOLUMES 


* 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


RECORD  NUMBERS  IN  HEXADECIMAL  FORM 
RECORD  NUMBERS  IN  DECIMAL  FORM 
OF  EACH  LOOP  RECORD 

COEFFS.  FOR  TEMPERATURE* 
COEFFS.  FOR  ABS.  PRESS.* 
COEFFS.  FOR  FD.  DP  CELL* 


OF  N2*  H2S  AND  S02 


THE  STORAGE  FILES  GIVEN  BELOW  ARE  USED  FOR  THE 
FOLLOWING  PURPOSES. 

FILE  80... STORAGE  FILE  FOR  ANALOG  MEASUREMENT 
DATA  WHICH  IS  RECOVERED  FOR  RUN 
DOCUMENTATION  WHEN  OUTPUT  IS  DESIRED 
FILE  81 ...  TEMPORARY  STORAGE  FILE  FOR  CHROMATO¬ 
GRAM  AREA  MEASUREMENTS 

FILE  82. ..STORAGE  FILE  FOR  REDUCED  DATA  TO  BE 
RECOVERED  WHEN  OUTPUT  IS  DESIRED 


* 

x 

x 

X 

X 

X 

# 

X 

X 

X 

X 

X 


XX XXXXXXXXXXXXXXXXXXXXXXX XXX XXXXXXXXXXXXXXXXXX XX  xxxxxx 


DEFINE  FILE  80 ( 9  ♦  100 >U *  I PLAC ) 

DEFINE  FILE  8 1 ( 30  *  7 *U * I  DM ) 

DEFINE  FILE  82 ( 200  *  12  * U * KDM ) 

DIMENSION  LP I D ( 16) *LPHEX(8)*LPAD(8) *IDATA(8*60) * FDATA ( 
15*8)  *  RGE ( 8 )  »T(10)  *  PRESS (2 >2) ♦  DP ( 3  ♦  3 )  > F LO ( 3 ) » CR ( 3  )  >FDCR 
1(6*3)  » PRCR (6*3) *  PREN ( 3 )  >FDCOM (7 )  *PRCOM ( 7 )  »  IDUMl 100 ) 

S  *  V  (  3  ) 

DATA  LPHEX/Z0111 »  ZO 1 1 2  * ZO 1 1 3  * ZO 1 1 4  * ZO 1 1 5  * ZO 1 1 6  * ZO 1 17 
$  *  ZO  1 1 8  / 

DATA  LPlD/0101 *0102 *0103 *0104 *0105 *0106 *0107 *0108 *0111 
S  *0112  *0113  *0 
1114*0115*0116*0117*0118/ 

DATA  RGE/3*20. *2*50. *3*1 • / 

DATA  T/5. 3155*6. 6860*6.3627*2*5.4603*18. 0706*17.95 44 
$*17.9853*2*18. 

10369/ 

DATA  PRESS/8.7012 *0.3156 *-1123.63 >30.850/ 

DATA  DP /-13.7H7  *4.3797  *-0.1022  *-15.8658  *5.0301  * 
$-0.1249  *-16.9059  *5 
1.3198  *-0.1239/ 

DATA  IDUM/100*0/ 

DATA  V/2 240 3 . 60  *22144.24*21889.30/ 
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DM001  .  ••(CONT'D) 


LUN  =  9 


***  BTNSW  IS  A  SUBROUTINE  WHICH  READS  THE  STATUS  (ON 
***  OR  OFF)  OF  THE  COMMUNICATION  BUTTONS  AT  THE 
***  RECYCLE  REACTOR 

CALL  BTNSW ( 0  * N 1  ) 

CALL  BTNSW ( 1  * N2  ) 

CALL  BTNSW ( 2  *  N3 ) 

IN  I  T  =  2 

N  =  4*( Nl-1 )+2*(N2-l )+N3 
GO  TO  (2*3>4*5*6»7»8*9)  *N 

C  ***  TURN  LOOP  RECORDS  ON 

2  DO  10  1=1*16 

10  CALL  OPER ( LP I D (  I  )  ) 

WR I TE ( LUN  *101) 

101  FORMAT (5X* '****LOQP  RECORDS  ARE  ON****'*/) 

GO  TO  100 

C  ***  TURN  LOOP  RECORDS  OFF 

3  DO  11  1=1*16 

11  CALL  NONOP ( LP  I D (  I  )  ) 

WRITE (LUN*300 ) 

300  FORMAT ( 5X * ‘ *#**LOOP  RECORDS  ARE  OFF****'*/) 

GO  TO  100 

C  ***  EXTRACT  DATA  FROM  ACCUMULATION  RECORDS 

4  DO  12  1=1*8 

CALL  FNDLP (LPHEX (  I  )  *LPAD(  I  )  ) 

LP I =LPAD ( I )+4 
NWORD=LD ( LP I ) -7 
DO  12  J= 1  * NWORD 
LP  I  =LPAD ( I ) +6  +  J 

12  IDATA ( I  * J ) =LD ( LP  I  ) 

WRITE(LUN>301) 

301  FORMAT(5X* '****DATA  REDUCTION  COMMENCING****'./) 

C  ***  PROCESS  THE  DATA 

LP  I=LPAD ( 1 ) +4 
NWORD=LD ( LPI )-7 

C  #*#  CALCULATE  MAXIMUM*  MINIMUM*  AVERAGE  AND  STANDARD 

C  ***  DEVIATION  OF  LOOP  RECORD  READINGS 


DO  14  1=1*8 
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DM001  ...(CONT'D) 


I AVG=0 
I  MAX  =  Q 
I M I N=  3276  7 
DO  15  J=  1 *  NWORD 
IAVG=IAVG+IDATA( I *J) /NWORD 
I F (  I MAX- I  DATA ( I  *j)  )  16*16*17 

16  I MAX= I  DATA ( I > J ) 

17  I F { I  DATA ( I *  J  )  - 1  M  I  N  )  18*18*15 

18  I M I N= I  DATA ( I  *  J ) 

15  CONTINUE 

I  DEV  =  0 

DO  19  J= 1  * NWORD 

19  I DEV= I DE V+ I ABS ( I  DATA ( I » J)-IAVG)**2 
I DEV= ( I  DEV/ ( NWORD-1 ) )*#0.5 

FDATA ( 1 * I ) = I AVG/327 .67 
FDATA ( 2  ♦  I  )  =  I  MAX /327 • 67 
FDATA(3*I)=IMIN/327.67 
FDATA (5  »  I  )  =  IDEV/327.67 
14  CONTINUE 

WR  I  TE ( LUN  *  102 )  NWORD 

102  FORMAT ( 10X  » 1  NO*  OF  ANALOG  DATA  SAMPLES  IS*  #13*/) 
C  *#*  ASSIGN  SPAN  TO  AVERAGE  RECORD  READING 

DO  29  J=1  *8 

29  FDATA(4*J)=FDATA( 1  * J ) *RGE ( J ) 

C  ***  CALCULATE  TEMPERATURES 

DO  30  J=1 *5 
J J= J+5 

30  FDATA (4* J)=T( J)+T( JJ)*FDATA(4* J) /100. 

C  ***  CALCULATE  ABSOLUTE  PRESSURES 

DO  31  J=  1  *  2 
j J= J  +  5 

31  FDATA(4*JJ)=PRESS(1*J)+PRESS(2*J)*FDATA(4*JJ) 

C  ***  CALCULATE  FEED  FLOW  RATE  UNCORRECTED 

FDATA (4  *8 )= FDATA ( 1 >8 )**0.5 
DO  32  J= 1  *  3 
FLO ( J ) =0 • 

DO  32  1=1*3 

32  FLO(J)=FLO(J)+DP( I >J)*FDATA(4»8)**( I “1 ) 

FD1=FDATA (4*6) 

CALL  N I P ( FLO  *  FD 1 »  FD2 ) 

FDATA(4*3)=FD2 

FDATA (4 *6 ) = FDAT A ( 4  ♦  6 ) *7 60  .  /  14 . 7 
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DM001  ...(CONT'D) 

READ  (80*1)  NEXT  » NRNS 
I  PLAC=NEXT 

WRITE  (80'  I  PL AC)  ( FDATA (  4  »  J  )  ,LPID(j)  .FDATA(l.J) .FDATA (2 
$*J)  .FDATA  (  3  » 

lJ) »FDATA(5*J) »  j  =  1  *  8  ) » NWQRD 
NRNS=NRNS+1 
WRITE (LUN.103)  NRNS 

103  FORMAT ( 1 0  X  *  'NO.  RUNS  STORED  IS'.  13./) 

NEXT  = I PLAC 
FIND! 80 1 1 ) 

WRITE(SQ'l)  NEXT. NRNS 

C  ***  PROCESS  GAS  CHROMATOGRAPH  DATA 

NFD  =  0 
N  P  R  =  0 

READ( 81 ' 1 ) ICOUN 

READ (82*1)  ILN30 

WR I TE ( 8  2 ' ILN30)  ICOUN 

DO  200  ICHRO=2. ICOUN 

READ ( 81 ' ICHRO)  I  FLAG . ( CR ( J ) ♦ J  =  1 .3 ) 

I LN3QS I LN3Q+1 

WRITE (82'  ILN30)  I  FLAG. ( CR ( J ) » J  =  1 . 3 ) 

I F ( I  FLAG )  200.200.201 

201  I F ( I F  LAG-2 )  202.203.200 

202  NFD=NFD+ 1 

DO  204  1=1.3 

204  FDCR ( NFD  »  I  )=CR(  I  ) 

GO  TO  200 

203  NPR=NPR+1 

DO  205  1=1.3 

205  PRCR ( NPR  *  I )=CR(  I  ) 

200  CONTINUE 

C  ***  OBTAIN  FEED  AND  PRODUCT  COMPOSITION 

CALL  CHROM ( FDCR  »  FDCOM  » NFD ) 

CALL  CHROM ( PRCR .PRCOM. NPR ) 

I LN30= I LN3Q+1 

WR I TE ( 82 ' ILN30 )  ( FDCOM ( J ) * J=1 .3 ) »( PRCOM ( J ) » J*1 .3 ) 

I LN30S I LN30+1 

C  DENSITY  CORRECTION  IN  FEED  FLOW  RATE 

RON2=28 • / V ( 1 ) 

ROMIX  =  28./V(l)*FDCOM(l)+34./V(2)’'<-FDCOM(2)+64./V(3) 
$*FDCOM ( 3 ) 

FDATA (4.8 ) =FDATA (4.8 )* ( RON2/ROMIX) **Q. 5 
r  TEMPERATURE  CORRECTION  IN  FEED  FLOW  RATE 
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DM001  e  •  • ( CONT ' D ) 

FDATA(4»8)=FDATA(4*8)*( ( FDATA ( 4 * 5 ) +273 . ) /295. )**0.5 
P  R  E  N  ( 1 )=FDATA(4*6) 

PREN( 2  )=FDATA(4*7) 

PREN(3)=FDATA(4*8) 

RTEMP= (FDATA(4*3)+FDATA(4*2)+FDATA(4*1 ) ) / 3 • 

CALL  BALAN  ( PREN * FDCOM * PRCOM * RTEMP *  I LN30 ) 

I LN30  = I LN30+1 
WR  I  TE ( 8 2 1 1 )  ILN30 


WRITE (LUN»302) 

302  FORMAT (  5X  * • *#**DAT  A  REDUCTION  COMPLETED**** ’>/ ) 

C  ***  ZERO  GC  AREA  STORAGE  FILE 

DO  40  1=1*30 

40  WR I TE ( 8 1 • I )  ( IDUM( J) *J=1»7) 

WRITE (81*1)  I N I T  *  I N I T 

WR I TE ( LUN  *  303 ) 

303  FORMAT ( 5  X  * • *##*GC  AREA  STORAGE  FILE  CL  EARED**** '»/ ) 

GO  TO  100 

C  ***  ZERO  THE  LOOP  RECORDS 

3  DO  13  1=1*8 
13  CALL  RSLP ( LPHEX ( I >  * K  > 

WR I TE ( LUN  *  304 ) 

304  FORMAT ( 5X * *****LOOP  RECORDS  ZEROED**** »♦/ ) 

GO  TO  100 

C  ***  ZERO  STORAGE  FILE  ANALOG  MSMT •  DATA 

6  DO  41  1=1*9 

41  WR I TE  C  8 0 •  I  )  ( I DUM ( J ) * J  =  1 » 100  5 

WRITE (8  O'  1)  INIT 

WRITE (LUN*305 ) 

305  FORMAT ( 5X *  1 ****ANALOG  MSMT •  DATA  FILE  CLEARED**** '»/ ) 
GO  TO  100 

C  ***  ZERO  KINETIC  DATA  STORAGE  FILE 

7  DO  42  1=1*200 

42  WR I TE (82*1)  ( I DUM ( J ) * J= 1 » 1 2 ) 

WRITE (8 2*1)  INIT 

WRITE (LUN*306 ) 

306  FORMAT (5X» ,****KINETIC  DATA  STORAGE  FILE  CLEARED****’* 
$/  ) 

GO  TO  100 

8  CONTINUE 

9  CONTINUE 
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. .. (CONT'D) 


100  CALL  RESET 
CALL  VIAQ 
END 
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c 

* 

* 

c 

* 

CHROM 

* 

c 

* 

* 

c 

* 

SUBROUTINE  CHROM  CONVERTS  GC  PEA  AREAS  TO 

* 

c 

* 

QUANTITATIVE  ANALYTICAL  RESULTS.  THESE  AREAS 

ARE 

* 

c 

* 

MEASURED  BY  THE  GC  PACK  AND  STORED  ON  A  DISK 

FILE 

* 

c 

* 

FROM  WHICH  THE  AREAS  ARE  AVAILABLE. 

* 

c 

* 

* 

Q  tt*  **•*■*  K  *#***■«•■«■ *********  ***#*****#■«•**-** 

SUBROUTINE  CHROM  (CR,COMP*N) 

DIMENSION  COMP (7)  » CR ( 6 » 3 )  *  AT TEN ( 3 )  *CHSN2(2>3) *CSON2(2) 
DATA  CHSN2 /0 . 06 2 01 *0,5 8 24 *0.02324 » 0.71 151 *0.02236 
5,0.79005/ 

DATA  CSON2/-0 .10977  *1.00671/ 

DATA  ATTEN/-14. ,9.8,10.3/ 

XN  =  N 

READ( 82 ' 1  )  I LN30  » ATTEN ( 2 ) 

DO  1  J= 1  *  3 
CR  (6* J  )=0. 

DO  1  I  =  1 »  N 

1  CR(6» J)=CR(6,J)+CR( I *J) *(21.-2. *ATTEN( J) ) /XN 
I  F ( 9 . 6-AT  TEN ( 2 )  )3»4»S 

3  Ml  =  1 

GO  TO  6 

4  Ml  =  2 

GO  TO  6 

5  Ml  =  3 

6  HNRAC=CHSN2(1*M1)/10C.+CHSN2(2»M1)*CR(6*2)/CR(6»1) 
SNRAC  =  CSON2 ( 1 ) /100.+CSON2 (2 ) *CR  ( 6*3) /CR ( 6  *  1 ) 

COMP ( 1 )=l./( l.+HNRAC+SNRAC) 

COMP ( 2 ) =1 .-COMP ( 1 )-SNRAC*COMP ( 1 ) 

COMP ( 3 ) = 1 • -COMP ( 1 ) -HNRAC*COMP ( 1 ) 

RETURN 

END 
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C  #**##******###** ***^H'c#* **#**# 


c 

c 

* 

BALAN 

# 

c 

* 

* 

c 

BALAN  CALCULATES  THE  MATERIAL  BALANCE 

ACROSS  THE 

* 

c 

RECYCLE  REACTOR  AND  FROM  THIS  OBTAINS 

REACTION  RATE* 

c 

* 

AND  PARTIAL  PRESSURES.  THIS  INFORMATION  IS  STORED 

# 

c 

* 

ON  A  DISK  FILE  FOR  LATER  RECOVERY. 

* 

c 

* 

* 

C  ###**#**#****Hfr  *##*****#***#*#*#*##*******##**##***###* 

SUBROUTINE  BALAN  ( PRESS  * FDCOM > PRCOM * RTEMP  *  I LN3Q ) 
DIMENSION  PRCOM ( 7 )  *FDCOM(7)  »BAL(2>7)  »PRESS(3) *V(3) 

DATA  V/2240 3. 60*22144. 24*21889. 30/ 

WC  =  1. 

DO  10  J=  1  *  3 

10  BAL ( 1  * J ) = FDCOM ( J ) *PRESS ( 3 )/V(J)*28317.Q16 
BAL ( 2  » 1 ) =BAL (1*1) 

BAL(2  *2 )=BAL(2*1 )#(PRCOM(2)*V( 1) /PRCOM ( 1 ) /  V  ( 2) ) 

BAL ( 2  *3 ) =3AL ( 2  *  1 ) * ( PRCOM ( 3 ) *V ( 1 ) /PRCOM ( 1 ) /V ( 3 )  ) 
BAL(2*4)=(2.*(3AL( 1 »  3 ) -B AL ( 2  *  3 ) ) +  B AL ( 1  *  2 ) -BAL ( 2  *  2 )  )/2. 
BAL ( 2  *  5 ) =BAL ( 1*2 ) +BAL ( 1 > 3 ) -BAL ( 2  *  2 ) -BAL ( 2 » 3 ) 
RTEMP=RTEMP+273. 

PRS=PRESS ( 2 ) /760.*BAL(2*5 ) /8. 

22  CALL  FREM ( PRS  * RTEMP  *XS ) 

PRS IMPRESS (2) /760.*BAL(2»5) /XS 
I F ( ABS ( (PRS-PRS1 ) /PRS1 ) -0.005 )  20*20*21 
21  PRS=PRS 1 
GO  TO  22 

20  BAL(2*5)=BAL(2*5)/XS 

BAL ( 2  *6 ) =BAL (1*2) -BAL (2*2) -BAL (2*4) 

RXH2S= ( BAL ( 1  *  2 ) -BAL ( 2 » 2 )  ) /WC 
RXSC2=(BAL( 1*3) -BAL (2 *3) ) /WC 
FDRAT  =  BAL (1*2) /BAL (1*3) 

H2SCN=(BAL(1*2)-BAL(2*2) ) /BAL ( 1 » 2 ) *100 . 

S02CN=(BAL( 1*3)-BAL(2»3) ) /BAL ( 1 » 3 ) *100 . 
PRRAT=BAL(2*2)/BAL(2»3) 

PRESS ( 3 ) = PRESS (35*28317.016 
TOT=0 • 

DO  12  J=l*5 

FDCOM ( J )= FDCOM ( J)*1C0. 

12  TOT=TOT+BAL(2»J) 

DO  13  J=l*5 

13  PRCOM ( J ) =BAL ( 2  »  J ) *PRESS ( 2 ) /TOT 
RTEMP=RTEMP-273 . 

WRITE (82  * ILN30)  PRESS (3)  »RXH2S»RXSQ2*RTEMP*PRESS(2) 

$  ♦  FDRAT 
I LN30  =  I LN3Q  +  1 

WRITE (82 • ILN30 )  PRRAT * H2SCN » S02CN 
DO  100  J=  1  * 6 
I LN30= I LN30+1 

100  WR I TE ( 8 2 •  I LN30 )  FDCOM ( J )* PRCOM ( J )* BAL ( 1 » J )* BAL ( 2  * J ) 
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BALAN  ...(CONT'D) 

RETURN 

END 
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C  ********#**#**##***#■*##■#*****#**#***#•**■**■#*******#*#■** 


C  #  * 
C  *  •  SUBROUTINE  FREM  * 
C  *  * 
C  *  THIS  SUBROUTINE  AND  ASSOCIATED  SUBROUTINES  GSET  *  * 
C  *  GAUSS »  FREN  AND  NEZE  ARE  USED  FOR  DETERMINING  THE  * 
C  *  AVERAGE  MOLECULAR  WEIGHT  OF  SULFUR  AT  THE  TEMPER-  * 
C  *  ATURE  AND  PRESSURE  OF  THE  EXPERIMENTAL  RUN.  THESE  * 
C  *  SUBROUTINES  WILL  NOT  BE  LISTED  HERE  SINCE  THEY  * 
C  *  ALREADY  APPEAR  IN  APPENDIX  B  OF  PART  I.  * 
C  *  * 


c  #****#******#******##*#***#*#####****#**#*#*###*#*#*** 


SUBROUTINE  FREM ( PRESS > T * XS ) 
END 
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*  DM002  IS  A  DISK  RESIDENT  PROCESS  CORELOAD  WHICH  IS  * 

*  QUEUED  BY  PIC05.  IS  PURPOSE  IS  TO  SUPERVISE  THE  * 

*  GAS  CHROMATOGRAPH  PEAK  AREA  DETECTION  ROUTINES.  * 

*  THE  PEAK  AREAS  ARE  TRANSFERRED  TO  FILE  81  FROM  * 

*  WHICH  THEY  ARE  LATER  RECOVERED  BY  DM001  FOR  DATA  * 


DM002 


# 

-H- 


EXTERNAL  DMGC 

DIMENSION  LP I D ( 2  )  •  I DUM ( 7  >  »LPHEX(2) 

DATA  LP I  D/0  109  *  0 1 19/ 

DATA  I DUM/7*0 / 

DATA  LPHEX/ZQ109  »  ZQ 1 19  / 

DEFINE  FILE  8 1 ( 30 » 7 >U ♦ I  DM ) 

DEFINE  FILE  82 ( 200 » 12 tU #KDM) 

LUN  =  9 
I N I T=  2 

CALL  BTNSW(0*N1 ) 

CALL  BTNSW ( 1 » N2 ) 

CALL  BTNSW ( 2  *N3 ) 

N  =  4*( Nl-1 ) +2#(N2-1 )+N3 
GO  TO  (  1  » 1  » 1  *2  *3  *4  >5 .6  )  >N 

1  READ (81*1)  I COUN  *  I F INC 
WRITE (81' IFINC5N 

I F I NC= I F I NC+1 
WRITEC81 1  1 )  I COUN  *  I F I NC 
WR I TE ( LUN  >  5  3 )  N 

53  FORMAT (/ *5X *• ****  CHROMATOGRAM  LABELLED '»  I  2  *  1  ****’) 
GO  TO  7 

2  DO  10  1=1*30 

10  WR I TE (81*1)  (  I DUM ( J )  *  J  =  1  *  7 ) 

WR I TE (81*1)  INIT  * INIT 
WR I TE ( LUN  » 54 ) 

54  FORMAT (/ *5X »' #***  GC  FILE  INITIALIZED  ****') 

GO  TO  7 

3  AT T  =  9  •  8 
GO  TO  8 

4  ATT=9.6 
GO  TO  8 

5  AT  T  =  9  •  4 

8  READ (82*1)  ILN30 

WR I TE ( 8 2  *  1 )  I LN30  » ATT 
WRITE (LUN»55 )  ATT 

55  FORMAT (/» 5X *' ****  H2S  ATTENUATION  ='*F4.1»'  ##** 1 ) 

GO  TO  7 

6  CALL  DOUT 1 ( 10  # 9  » 1 ) 

CALL  TIME  ( IHR* IMIN* ISEC ) 
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DM002 


.  ..  (CONT'D) 


CALL  RSLP ( LPHEX ( 2 )  * K ) 

DO  11  1=1*2 

11  CALL  OPER ( LP I D ( I  )  ) 

CALL  DEFER 

CALL  QUEUE  ( DMGC » 5 , 0  *  9 ♦ 4500 ) 

12  CALL  T IME ( JHR * JM I N * JSEC > 

ITIME  =  3600*( JHR- 1  HR )+60*( JMIN-IMIN) +  JS  EC- I  SEC 
IF  ( 1 5- I T I  ME )  13*13*12 

13  CALL  DOUT 1(10*9*0) 

WRITE (LUN* 51 ) 

51  FORMAT ( / ♦ 10X  *  *#*  GC  MOW  BEING  SCANNED  ***') 

7  CONTINUE 
CALL  RESET 
CALL  VIAQ 

END 
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***  ##*****-*#■«•#*  *******  ■*#****#  #*#**#**##*  *#****■**•*#■«■■*#■■* 
*  * 

*  DMGC  * 

#  * 

*  DMGC  IS  A  DISK  RESIDENT  PROCESS  CORELOAD  WHICH  IS  * 

*  QUEUED  BY  COMMAND  FROM  DM002.  ITS  PURPOSE  IS  TO  * 

*  SUPERVISE  THE  GAS  CHROMATOGRAPH  PEAK  AREA  DETECTION* 

*  AND  DETERMINATION  SUBROUTINES*  THE  PEAK  AREAS  ARE  * 


*  TRANSFERRED  TO  DISK  FILE  81  FROM  WHICH  THEY  ARE  * 

*  LATER  RECOVERED  BY  DM001  FOR  KINETIC  DATA  PROCESS-  * 

*  ING  AND  REDUCTION.  * 

*  * 


***************  **********  *  ***********************  ***** 


INTEGER  RECSZ*DKIN*DKOUT  *ERR1*ERR2 

DIMENSION  LP I D ( 2 ) »LPHEX(2) *IDATA(500) »START(5) »END(5) 

$  *  NT  I  ME ( 3 ) *  ARA 
1(3  5 

DEFINE  FILE  8 1 ( 30  *  7 *U *  I  DM ) 

DEFINE  FILE  83 ( 64 » 320  > U *  I  DO ) 

DEFINE  FILE  84 ( 2 » 320 »U * JDO ) 

DATA  LPHEX/Z0109 »Z0119/ 

DATA  LP ID /0 109 *0119/ 

DATA  END/102. #240.  >430. >0. *0. / 

DATA  START/55. *  102. *170. >0. *0./ 

LPD  I  =  LPHEX ( 2  5 
NOPTS*450 
RECSZ=320 
NRECS=2 
DK  I  N  =  83 
DKOUT  =  84 
LUN  =  9 
NUMBR=3 

CALL  NONOP ( LP I D ( 2  5  ) 

CALL  NONOP (LPID ( 1 ) 5 

C  EXTRACT  DATA  FROM  BUFFER  USING  GBDAT 

CALL  NIGBD  (LPD I  ♦  NOPTS * RECSZ * NRECS * DK I N * DKOUT . NT  I  ME 
$  *  ERR1 *ERR2 ) 

WRITE  ( LUN  *  23  5  ERR1 *ERR2 
23  FORMAT  (20X*,ERR1  “  '  ♦  I  6 /2 OX » • ERR2  =*  *16/////) 

C  ZERO  ACCUMULATION  RECORD 

CALL  RSLP ( LPHEX ( 2 ) »K> 

IF  ( ERR2-10 )  2*2*7 

2  WRITE  ( LUN  »  3 ) 

3  FORMAT  ( 1 0 X  ***** *******  NUMBER  OF  DATA  LESS  THAN  10  ** 

$********  '  //  ) 

GO  TO  8 
7  CONTINUE 
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•  .. (CONT'D) 


READ ( 34 ' 1)  ( IDATA(J) »  J  =  1 >  320 ) 

READ ( 84 ' 2 )  (IDATA(J)*J=321>450) 

CALL  PKARA  ( START  *  END ♦ I  DATA ♦ NOPTS » NUMBR *ARA ) 
READ( 81 ‘ 1 ) ICOUN 
I DUMY=0 

WRITE (81  * ICOUN) I DUMY  » ARA 
I COUN= I COUN+1 
WRITE (81 ' 1 ) ICOUN 
8  CONTINUE 
CALL  VIAQ 
END 
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*  * 

*  PKARA  * 

*  * 

*  PKARA  CALCULATES  THE  AREAS  OF  THE  PEAKS  * 

*  WHICH  WERE  DETECTED  SY  PKFND •  SIMPSONS  RULE  * 

*  INTEGRATION  IS  USED  TO  CALCULATE  THE  AREAS.  * 

*  * 


*  *  *  *****  *  **  *  **  *  **  ****  *  *  *  *  *  *  ***  *  *  *  *  ***********  *  *******  * 

SUBROUTINE  PKARA  < START  *  END  * Y * NPTS * NUMBR * ARA ) 

INTEGER  Y ( 1 ) 

DIMENSION  AREA ( 5  )  »START(1)  » END  C 1 )  *BCARA(5)  *  ARA ( 3 ) 

$ ♦ NG ( 3 ) 

COMMON  I  END ( 5 )  » NPEAK  > I STRT ( 5  )  *NAPEX(5)  *BSAR(5) 

H=  1  • 

LUN  =  9 
NP  EAK  =  0 

CALL  PKFND  ( Y  #  NPTS  *NCOND ) 

C  IS  THERE  ANY  PEAK  FOUND  BY  SUBROUTINE  LIUPK 

IF  (NPEAK)  250*230*1 
C  NO  PEAK  WERE  FOUND 

250  WRITE (LUN»251 )  NPEAK 

251  FORMAT ( 5X >' #*  NO  PEAKS  FOUND  IN  DATA*  NPEAK=,*I5*'  ** 1 
$///) 

GO  TO  8 
1  CONTINUE 

IF  ( NCOND )  33*33*34* 

C  END  OF  DATA  DURING  PEAK  ELUTION 

34  WRITE  ( LUN  *  35 ) 

35  FORMAT  (15X*1#-*-*  END  OF  DATA  DURING  PEAK  ELUTION  #-* 
$-*  '///) 

33  CONTINUE 

C  SOME  PEAKS  HAD  BEEN  FOUND 

DO  120  K=  1  ♦  NPEAK 
AREA ( K ) =0 • 

C  APEX  IS  REQUIRED  FOR  1ST  AND  2ND  PEAKS 

IF  (K-2)  4*4*5 
5  L=  IEND (K J-ISTRT (K) 

IAPFL=3 
AR 1=0 • 

X=FLOAT (L) /2. 
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PKARA  ...(CONT'D) 


L  =  L/2 


C  CHECK  NO.  OF  INTERVALS  EVEN  OR  ODD 

IF  (X-L)  22*22*21 

C  ODD  NUMBER  OF  INTERVALS  ADD  ONE  INTERVAL  TO  PEAK 

21  IEND(K)=IEND(K)+1 

22  I BGN3 ISTRT (K)+l 
JEND= IEND ( K ) -1 
GO  TO  20 

4  I S  TR= I STR  T ( K ) 

L=IEND(K)-ISTRT (K) 

CALL  APEX  (L»Y*APARA*ISTR*IFL,IBF) 

L=  I  FL“ ISTRT ( K ) 

I APFL=0 
JEND=IFL 
I BGN= ISTRT ( K ) 

GO  TO  6 

16  L=  I  END ( K ) - I BF 
I  BGN= I BF 
JEND= I  END ( K ) 

C  CHECK  IF  NUMBER  INTERVALS  EVEN  OR  ODD 

6  X=FLOAT ( L ) / 2 • 

L  =  L/2 

IF(X-L)20*20,10 

C  ODD  NUMBER  OF  INTERVALS  ADD  ONE  INTERVAL  TO  PEAK 

10  IF(IAPFL)  12*12*11 

11  JEND3 I  END ( K ) -1 
GO  TO  20 

12  I BGN= ISTRT (K)+l 

C  SIMPSONS  RULE  INTEGRATION 

20  J JEND3 JEND-2 

DO  40  I  =  I BGN  *  J JEND  *  2 

4  0'  AREA  (  K  )  3  ARE  A  (  K  )  +Y  (  I  )  +4.*Y  (  1+1  )+Y  (  1  +  2  ) 

AREA ( K ) -AREA ( K ) #H/3* 

IF  (K-2)  126*126*127 

126  CONTINUE 

IF  ( I APFL )  14*14*15 

14  CONTINUE 
AR 1=AREA ( K ) 

AREA ( K )  =  0  • 

I APFL= 1 
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. . . (CONT'D) 


GO  TO  16 
15  CONTINUE 
AR2=AREA ( K ) 

AR3=AR1+AR2+APARA 

BASE-LINE  CORRECTED  AREA 

BCARA ( K ) =AR3-BSAR ( K ) 

CQNST=BCARA(K)/FLOAT(NAPEX(K) ) 

GO  TO  120 
127  CONTINUE 

BASE-LINE  CORRECTED  AREA 

BCARA ( K ) =AREA ( K ) -BSAR ( K ) 

CONST = BCARA ( K ) /FLOAT ( NAP EX ( K ) ) 

120  CONTINUE 

CHECK  IF  NO.  OF  PEAKS  FOUND  =  NO.  SPECIFIED 

IF  (NUMBR-NPEAK)  122»125.122 
122  CONTINUE 

WRITE  ( LUN  *  90 ) 

90  FORMAT  (15X  •**-*-*  NUMBER  OF  PEAKS  FOUND  DIFF.  FROM 
$  SPECIFIED  *-#- 
1** /////) 

125  CONTINUE 
8  CONTINUE 
RETURN 
END 
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c  *  * 

C  *  PKFND  * 
C  #  * 
C  *  PKFND  DETERMINES  PEAK  EVENTS  8Y  EXAMINATION  OF  THE  * 
C  *  FIRST  DERIVATIVE  OF  THE  THERMAL  CONDUCTIVITY  * 
C  *  DETECTOR  SIGNAL.  PERTINENT  DATA  IS  TRANSFERRED  * 
C  *  BACK  TO  PKARA  FOR  CALCULATION  OF  PEAK  AREAS.  * 
C  *  * 
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SUBROUTINE  PKFND  ( Y  »NPTS  *  NCOND ) 

INTEGER  Y(l) 

DIMENSION  NEN ( 5 ) *NST(5) 

COMMON  I  END (5) ♦ NPEAK » I STRT ( 5 )  *NAPEX(5)  .8SAR(5) 

DATA  DBST  » DBEND > I  TEST / 3 . 0  *  1 . 0  » 3  / 

DATA  DR V 1 »  DRV1 A »  ICFST  » I CFED » NGHG/C . »0. *0  *0  *0/ 

NP  EAK  =  0 
H=  1  • 

NCOND=0 
LUN  =  9 

BSAR ( 1 ) =0 • 

BSAR ( 2 ) =0  • 

BSAR (  3  )  =  0  • 

BSAR ( A ) =0. 

BSAR ( 5 )  =  0 • 

NDATA=NPTS-4 
DO  200  I  =  3  »NDAT A 
DRV1B  =  DRV  1 

C  COMPUTE  FIRST  DERIVATIVE  AT  Y ( I ) 

DRV1=DRV1A 

COMPUTE  FIRST  DERIVATIVE  AT  Y(I+1) 

SEVEN  POINT  LEAST  SQUARES  ESTIMATE  OF  FIRST  DERIVATIVE 

DRV1A=3«*(Y( 1+4 ) -Y ( 1-2) ) +2 • * ( Y ( I +3 ) -Y ( 1-1 ) ) + 

1 Y (  I  +2 ) “Y (  I  ) 

DRV1A=DRV1A/ ( 28 .*H ) 

C  IS  PEAK  IN  PROGRESS 

IF (NCOND) 10»10»40 

C  PEAK  IS  NOT  PROGRESS 

C  CHECK  FIRST  DERIVATIVE  FOR  PEAK  START 

10  I F ( DRV1-DBST )  2C0*2C»20 

C  CONFIRM  PEAK  START  ITEST  TIMES 
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.  .  . (CONT  »D ) 


I I-A-22 


20  I  CFST  = I CFST  +  1 

2  5  IF(  I  CFST- I  TEST) 2  00  *30  » 3  0 

C  PEAK  HAS  STARTED 

30  NCOND=l 

C  INCREMENT  PEAK  COUNTER 

NPEAK=NPEAK+1 
IF  ( NPEAK-5 )  300  *300,301 
300  CONTINUE 

C  SAVE  INDEX  OF  STARTING  POINT 

ISTRT (NPEAK)=I-ITEST+1 
I IST=ISTRT (NPEAK) 

NST ( NPEAK ) =Y ( 1 1  ST ) 

I CFST=0 
GO  TO  200 

CHECK  FOR  PEAK  END 

HAS  FIRST  DERIVATIVE  GONE  +VE  TO  -VE 

40  I F ( NGHG ) 50  »  50  *  70 

50  I F ( DRV1 ) 60  »200  »  200 

C  FIRST  DERIVATIVE  HAS  GONE  +VE  TO  -VE 

60  NGHG= 1 

C  SAVE  INDEX  OF  PEAK  HEIGHT 

IF  ( Y  C I  )-Y ( 1-1 )  )  41,45*45 
41  NAPEX (NPEAK ) =Y ( 1-1 ) 

I  M  A  X  =  I  - 1 
GO  TO  70 

45  NAPEX ( NPEAK ) = Y ( I ) 

IMAX= I 

C  CHECK  FOR  PEAK  END 

70  IF(DRV1+DBEND)200, 80*80 

C  CONFIRM  PEAK  END 

80  I  CFED= I CFED  +  1 

C  CHECK  FOR  START  OF  NEW  PEAK 
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PKFND  ...(COAT'D) 

IF(DRV1-DB5T)77  » 75  >  75 
75  I  CFST= I CFST  +  1 

GO  TO  78 

77  I CFST=0 

78  IF ( ICFED-ITEST) 200*87*87 
PEAK  END 

SAVE  INDEX  OF  END  POINT 

87  I  END ( NPEAK )  =  I 
NEN(NPEAK) =Y ( I ) 

NFRNT=NAPEX (NPEAK )-NST (NPEAK) 

NBK=NAPEX (NPEAK )-NEN( NPEAK) 
L=IEND(NPEAK)“ISTRT(NPEAK) 

C  CHECK  IF  THE  DETECTED  PEAK  IS  NOISE 

IF  (L-10)  3  3  i  33  *22 
33  NPEAK=NPEAK-1 
GO  TO  37 
22  CONTINUE 

C  CHECK  IF  THE  DETECTED  PEAK  IS  BASELINE  DRIFT 

IF  (NFRNT-500)  31*31.38 
38  IF  (NBK-500)  31*31*35 

C  YES  DECREASE  PEAK  COUNTER 

31  NPEAK=NPEAK-1 
GO  TO  37 
35  CONTINUE 

IF  (NPEAK)  202  »  202  » 201 

201  CONTINUE 

BSAR ( NPEAK )=( FLOAT ( NEN ( NPEAK ) +NST ( NPEAK ) ) ) 
$*( FLOAT ( IEND( NPEAK ) -ISTR 
IT ( NPEAK ) ) ) /2 • 

C  CHECK  FOR  IMMEDIATE  START  OF  NEW  PEAK 

37  CONTINUE 

IF (  ICFST ) 88  *88*25 

88  ICFED=0 
NCOND=0 
NGHG=0 

I  CFST  =  0 

200  CONTINUE 
GO  TO  400 

202  CONTINUE 
WRITE  ( LUN  >  203 ) 
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203  FORMAT  ( 1 OX  *******  NPEAK=0  *##*#»///) 
GO  TO  400 

301  CONTINUE 

WRITE  ( LUN  *  302 )  NPEAK 

302  FORMAT  (10X»'NPEAK  ='»I5///) 

400  CONTINUE 

RETURN 

END 
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*  * 

*  APEX  * 

*  * 

*  APEX  IS  USED  TO  ANALYTICALLY  CALCULATE  THE  AREA  OF  * 

*  THE  APEX  OF  SHARP  PEAKS.  * 

*  * 


*  *  *  *  *  *  *  *  *  *  *****  *  *  *  *  *  ******  *  *  *  ************  *  *  *  *  *  *  *  *  *  *  *  *  * 

SUBROUTINE  APEX  ( NPTS  .  Y * APAR A  *  I STR *  I FL » IBF) 

INTEGER  Y ( 1 ) 

DIMENSION  SM ( 8 )  »  X ( 1 1 ) 

DATA  X  /0  *  *  1  *  *  2  •  »3.»4*»5.»6.>7«*8. ♦9**10*/ 

DO  20  1=1*8 
20  SM( I >  =0. 

M=  3 

I STRT= I STR+1 
NPT  =  NPT  S+ I STR 
DO  1  I  =  I STRT  » NP T 
DER2=Y ( I ) -Y ( I “1 ) 

DER3= Y ( 1  +  1 )-Y( I ) 

IF  ( DER3  )  1*1*2 

2  IF  (DER3-DER2)  3*3*1 

3  DER4= Y ( 1+2 ) -Y ( 1+1 ) 

IF  ( DER4  )  5*1*1 

5  IF  (DER4+DER2-2**DER3)  6*6*7 

6  I  BF= I +1 
I  FL®  I 
GO  TO  8 

7  I FL= I +1 
I  BF= I +2 
GO  TO  8 

1  CONTINUE 

8  DO  9  I  =  1  *  M 
J=  I +M 

Jl = I FL- I +1 
J2=  IFL-M+ I 
J3=  IBF+ I-l 
SM ( 1 ) =SM ( 1 )+X ( I ) 

SM ( 2 ) =SM ( 2 ) +Y ( Jl ) 

SM ( 3 ) =SM ( 3 ) +X ( I )#Y( j2) 

SM (4 ) =SM ( 4 ) +X ( J ) 

SM ( 5 ) =SM ( 5 ) +Y ( J3 ) 

SM(6)=SM(6)+X( J)*Y( J3) 

SM(7) *SM (7 )+X( I ) **2 
SM ( 8 ) =  SM ( 8 )+X( J)**2 

9  CONTINUE 

A IF® ( M*SM ( 3 ) -SM ( 1 ) *SM ( 2  )  ) / ( M*SM ( 7 ) -SM ( 1 >  **2  > 

A1B= ( M*SM ( 6 ) -SM ( 4 ) #SM ( 5 ) ) / ( M#SM( 8 ) -SM ( 4 ) **2  > 

A0F= ( SM ( 7 ) *SM ( 2 ) -SM ( 3 ) *SM ( 1 ) ) / ( M*SM ( 7 ) -SM ( 1 ) #*2 ) 

A0B= ( SM ( 8 ) *SM ( 5 ) -SM ( 6 ) *SM ( 4 ) ) / ( M*SM ( 8 ) -SM ( 4 ) **2 ) 
APARA=(A0F-A0B>**2/(2.*( A1B-A1F) ) -X ( M > * ( AOF+X ( M ) *A1F 


.  >>.  ■ I  t  2  ^0  Xr  A  ’  ' 


# 


i.jM.  'Tai.APA  1/  .Y.am  )  x3q‘i;YI'^T^ 

(X  )X*  (8)  2  AOUWIQ 

v.,I..?..B..v,.4..5—c.S..x:io^TAQ 


•  0  *  (  I  >  N  *  On 

£  *M 


i  T  "  I*T>,n  2  I 

Tc  t  TflTd I  *  I  i  cC 
- 1 )  v  -  (  I )  v  "  •  ;  C 
f  n  y-(  i  +  n  v=r  ir. 

St  [t I  (  CF1G)  ^1 
.  , .  ♦  5  K  '  1 

1  ’  )  v  -  S  I  )  '* 

,  ♦  <  >  )  "I 

T.i.a  i:;  ic*.r.-sfl3Q+<1?''')  ;!  = 

1«J1I 
8  OT  00 
I  +  IsJ^I-  T 
S-M*"3  I 
8  OT  03 

v< «  X  « 1  1 '  •- 

v-f  1 

x+i-j^i-u 

I  -j^l  =St 
»EL 

( I } *♦ (  .  ) M 2= ( I  >  v 
('XL)Y«-tS>M2*tS)‘  3 
i  ,)Y*(i  jx-  t€i  Ye«<e,^2 
{ c. )  x+  {  a  ) ;  iec  (  a  ) 

»  A  )  v-*-  C  r  )  2=  (  t 

|'i)Y  ■**  '  " 

BU/ITilOO  . 


-t  ,  2*1*1  '-t-l  '•  e;* 

.1  l\  A,  <i  IX-H1I  -  :A,*.S.NS**180A-lCM.AflAq/ 


n  o  r*  o  o  n 


APEX 


. *. ( CONT  *  D ) 


$/2.  )  +X  ( M+ 1 )*( A 
UOB  +  X ( M+l ) *A13/2 • ) 
RETURN 
END 
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*  THE  PURPOSE  OF  DM006  IS  TO  EXTRACT  PROCESSED  FROM  * 

*  FILES  AND  WRITE  IT  OUT  ON  THE  LINE  PRINTER  OR  CARDS* 


DM006 


* 


* 


DEFINE  FILE  80 ( 9 » 1 00 *U » I PLAC ) 

DEFINE  FILE  82 ( 200  *  12  *U *KDM ) 

DIMENSION  COL  1 ( 8 )  •  ICOL2 ( 8  )  *COL3 ( 8 )  *C0L4 ( 8 ) *COL5 { 8 ) 

$  *  COL6 ( 8  )  ♦  NRUN ( 8  ) 

DIMENSION  FDCOM ( 7 )  *PRCOM(7)  *BAL(2*7)  *  PRESS (3) *SNAM(2 
S  *  3  ) 

DATA  SNAM/ ' FEED ' » '  '  ♦ 1  PROD  1  * * UCT  1  *' DELE '* ' TED  '/ 

LUN  =  6 
I LN30=2 
IPLAC=2 

RE AD ( 80 ' 1  )  NEXT  *NRNS 
RE AD ( 5  *  1  )  NCOPY 

10  READ (5*1)  (NRUN(J) * J=1 *NRNS ) 

1  FORMAT (1015) 

READ (5*4)  WC 
4  FORMAT ( 5  F 10  •  5 ) 

DO  2  I -  1 *  NRNS 

READ (80' IPLAC)  (COLl(J) >ICOL2(J) >COL3(J) *C0L4(j) 

$  »COL5 ( J )  * COL6 (  J)  » 
lJ  =  l *8 ) *  NWORD 
READ  (5*1)  NDUM 
WRITE (5  #7  )  NRUN(I) 

WR  ITE ( 5  *6  )  ( COL1 ( J )  * ICOL2 ( J )  *COL3 ( J ) *C0L4 ( J ) 

$  * COL5 ( J )  » C0L6 ( J )  » 

1J=1 *8  ) 

6  FORMAT ( F10e5 *  15 >4F10.5 ) 

WR I TE ( 5  * 7  )  NWORD 

7  FORMAT! 15) 

DO  8  K® 1  *  NCOPY 
WR I TE ( 6  *  3  ) 

3  FORMAT (  ' 1  '  ) 

WRITE (6 *9)  NRUN (  I  ) 

9  FORMAT ( ////*25X  * ' H2S/S02  PROJECT-RUN  NUMBER  *  *13) 
WRITE! LUN  *21) 

21  FORMAT(///*13X* 'REACTOR  DATA  LOOP  RECORD  DATA 

$  EXPRESSED  IN  PE 

1RCENT ' / ) 

WRITE (LUN *22 ) 

22  FORMAT! 10X* 'TEMPERATURES  (DEG  C)  RECORD  AVERAGE 

$  MAXIMUM  MINIMUM  ST 

ID  DEV' /31X* 'NUMBER  RDG  RDG  RDG ' / ) 

WRITE (6 *23)  (COLl! J) *ICOL2(J) *COL3(J) »C0L4(J) 
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DM006  ...(CONT'D) 


$  *  COLS ( J )  » C0L6 ( J )  » 
1 J  =  1 »  5 ) 


23  FORMAT ( 1 IX  * 
1  *UX» 

1  #11X# 

1  *11X# 

1  *11X, 

$  ) 

WRITE (6  #24) 


REACTOR  BED 
REACTOR  WALL 
FLUIDIZED  BED 
GAS  CHROM. 
REACTOR  FEED 


(COL1 ( J ) ♦ 


S  » COL5 ( J )  * COL6 ( J )  » 


'F6.1»2X»I4*3(2X 
' F6. 1 *2X* 14*3 ( 2  X 
'F6.1»2X#I4*3(2X 
'F6.1*2X#I4#3(2X 
■ F6.1#2X#I4#3(2X 

I COL2 ( J ) *  COL3 ( J ) 


»  F6  •  2  )  »  E9 • 2 / / 

♦  F6 • 2 )  #  E9 • 2 / / 

•  F6.2 ) »  E9  •  2 / / 

*  F6 • 2 ) »  E9  •  2 / / 

*  F6 • 2 )  »  E9  •  2 / / 

»C0L4( J ) 


1 J  =  6  #  8  ) 


24  FORMATdOX# ’ABSOLUTE  PRESSURE  (MM  HG  )'// 1 IX  »' REACTOR 
$  FEED  ' »F6.1 #2 

1X»I4»3(2X#F6.2)»E9.2//11X»' CATALYST  BED  »  #F6. 1 #2X  ,  14 
$*3(2X.F6.2) *E9 

1.2///10X* ’ FD  RATE  (SCFH) '*F7.3#1X*I4»3(2X*F6.2)*E9.2) 
WR  I  TE ( LUN  » 36 )  NWORD 

36  FORMAT(////#10X# 'NUMBER  OF  DATA  SAMPLES  TAKEN  WAS’ *13 

$  .  •  •  '  ) 


8  CONTINUE 

READ ( 82 ' ILN30)  ICOUN 
I COUNs I COUN-2 
DO  12  ICHRO=l*ICOUN 
I  LN30  =  I LN30  +  1 

12  READ ( 82 ' I LN30 )  ICOL2 ( ICHRO ) *C0L1 ( ICHRO ) *COL3 ( ICHRO) 

$  # C0L4 ( ICHRO) 

I LN30  =  I LN30+1 

READ ( 82 ’ ILN30)  ( FDCOM ( L ) »L=1#3 ) * ( PRCOM ( L ) »L  =  1 .3 ) 

DO  16  K  = 1 ♦ NCOP Y 
WR I TE ( 6  »  3  ) 

WRITE(6*14)  NRUN(I) 

14  FORMAT ( ////*25X # ’H2S/S02  PROJECT-RUN  NUMBER'#I3) 
WRITE(6*15) 

15  F0RMAT(///#13X# ' STREAM ' # 12X  # • COMPUTER  INTEGRATED  PEAK 
S  AREAS ' // 10X  » 

1 ’DESCRIPTION •#10X*'N2'*11X#'H2S'*11X*' S02 ' /) 

DO  17  L  =  1 » I COUN 
LK= ICOL2 ( L ) 

17  WRITE(6*18)  ( SNAM ( J  » LK ) *  J  =  1  *  2 ) » COL  1 ( L )  # COL3 ( L ) 

$  #  C0L4 ( L  ) 

18  FORMAT ( 12X*2A4*6X*3(E11«5  #3X) /) 

WRITE (6 #35)  ( FDCOM ( L ) #PRCOM(L) *L=1*3) 

35  FORMAT(///*15X# 'MOLECULAR'  » 6X »' FEED  MOLE ’♦ 6X 

S  » ' PROCUCT  MOLE ' 

1  * / / 1 7  X* ’SPECIE'  »  8X  ♦  'FRACTION' #8X# ' FRACT ION ' //I 8X * ' N2 ' 
$#10X#F6«4#11 

2X»F6.4//18X*'H2S'»9X»F6.4,11X*F6.4//18X# ' S02 • *9X*F6.4 
$»11X*F6«4) 

16  CONTINUE 

WR I TE ( 5 • 7  )  ICOUN 
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...  (CONT’D) 


DO  19  L=  1  *  I COUN 
LK  = I COL2 ( L ) 

19  WRITE (5 >20)  ( SNAM ( J  *  LK) *J=1*2) *  COL  1 ( L )  *COL3(L) *C0L4(L) 

20  FORMAT (2A4*3(E11»5*3X) ) 

I LN30S I LN30+1 

READ (82  » ILN30)  PRESS (3 )  » RXH2S » RXS02 * RT EMP » PRESS ( 2 ) 

$  » FDRAT 

RXH2S=RXH2S/WC 

RXS02=RXS02/WC 

ILN30=ILN30+1 

READ  (  82  1  ILN30  )  PRRAT  *H2SCN  *  S02CN 

WRITE (5 *26)  (FDCOM(L) *L=1>3  5  * (PRCOM(L) *L=1*3) 

WRITE (5  *26  )  PRESS ( 3 ) * RXH2S * RXS02  * RTEMP  *  PRESS ( 2 )  » FDRAT 
WRITE (5  *26 )  PRRAT »H2SCN*SC2CN 
26  FORMAT (6F10. 5 ) 

DO  30  JK=  1  * 6 
ILN30=ILN30+1 

READ ( 82 1 ILN30 )  FDCOM( JK)  *PRCOM( JK )  *  BAL ( 1 » JK )  * BAL ( 2  * JK ) 

30  WR I TE ( 5  *  3 1 )  FDCOM ( JK ) » PRCOM ( JK ) » BAL ( 1  * JK) * BAL ( 2  * JK ) 

31  FORMAT (4F10. 5 ) 

KRUN  =  NRUN ( I  ) 

DO  25  K= 1  * NCOPY 

CALL  OUTPT ( KRUN*RXH2S»RXS02  » RTEMP* PRESS* PRCOM* FDCOM 
$  *FDRAT*PRRAT*BA 
1L*H2SCN*S02CN) 

25  CONTINUE 

I  LN30  =  I LN30  +  1 
2  CONTINUE 
CALL  EXIT 
END 
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***##****#*#  **■***■*■*■«•#**-&******•* 


*  * 

*  OUTPT  * 

*  * 

*  OUTPT  HAS  THE  SOLE  FUNCTION  OF  WRITING  OUT  THE  * 

*  CALCULATED  RESULTS  ON  THE  LINE  PRINTER  * 

*  * 


SUBROUTINE  OUTPT  ( NRUN * RXH2S ♦ RXS02  * RTEMP  > PRESS » P RCOM 
$ *  FDCOM  » FDRAT  »  P 
1RRAT*BAL  > H2SCN * S02CN ) 

DIMENSION  PRESS (3)  *PRCOM(7) fFDCOM(7)  *BAL<2*7) 

WRITE (6 *5) 

5  FORMAT (  •  1  •  ) 

WRITE (6 #1)  NRUN 

1  FORMAT ( ////10X* 'RUN  NUMBER'»I3*  / 37X » • UN  I TS ' // 1 8 X 
S  » 'MASS . 

1. .GRAM1 //18X# 'PRESSURE . MILLIMETERS  OF  MERCURY  * / 


$ / 1 8X  * 'TEMPER 

1ATURE . DEGREES  KELVIN'  //18X»'TIME...... . HOUR  '  / 

$ / 1 8X  * 'COMPOS 

1ITION. . . • o  MOLE  PERCENT  » // 18X  * 'VOLUME . . . .STANDARD 

$  CUBIC  CENTI 


1METER' //I 8X  ♦ 'REACTION  RATE • • • GM  MOLES/ ( HR-GM  OF 
$  CATALYST) '///) 

WRITE  <6  #3  >  PRESS ( 3 ) 

3  FORMAT ( 1 0 X » 'VOLUMETRIC  FEED  RATE  MEASURED  BY  D/P  CELL' 
$#11X#F9«1/) 

WRITE (6  »2  )  RXH2S  *  RXS02  » RTEMP  *  PRESS ( 2 ) 
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$  RATE  OF  S02 
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1 ' F7  •  1 /  ) 

WRITE (6  *6 )  FDRAT  *PRRAT  *H2SCN*S02CN 
6  FORMAT ( 10X  * 'FEED  H2S/S02  RATIO  '  *F7.4»5X  , 'PRODUCT 

S  H2S/S02  RATI 
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$» 'CONVERSION  OF  S02 
1  '  *  F7  •  2  »  /  /  /  ) 

WRITE (6 *4)  { FDCOM ( J ) *PRCOM(U) *BAL(1»j) tBAL(2*J)  »J=1 

$  *6  ) 

4  FORMAT(10X»* MOLECULAR' »  5X  > ' FEED ' *6X» 'PARTIAL  PRESSURE' 
$*4X» ‘MATERIA 

1L  BALANCE ' //I IX » 'SPECIE'  » 4X ' COMPOS  I T I  ON '  *4X* ' IN 
$  REACTOR' *  8X  » 'FEED 

1  PRODUCT ' //13X f  '  N2  *  > 7X » F6 • 2 ♦ 9X ♦ F6 . 1  > 9X # F7 . 3 ♦ 3X 
$  *  F7 • 3 / /I 3X  * ' H2S ' 

1>7X*F6.2»9X»F6.1»9X»F7.3*3X»F7.3//13X» ' S02 '  *7X*F6.2*9X 
$  *F6. 1 »9X  #F7. 

13»3X*F7.3//13Xt 'H20' > 7X » F6 . 2 » 9X » F6 . 1 ♦ 9X » F7 . 3 , 3X * F7 . 3/ 
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$/13X»  *SX  ‘  »7X 

1>F6.2>9X>F6.1*9X»2(F7.3*3X)//13X,H2'8X»F6.2*9X>F6.1»9X 
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